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PREFACE 


First of all, this volume is intended to be a companion book to my 
previous work, Arithmetic Operations in Digital Computers , which was 
published by D. Van Nostrand Company in 1955. In that book the 
emphasis was on arithmetic in a computer and on “logical” design and 
ingnuization, the engineering aspects being mentioned only briefly. The 
present book is intended to supply engineers with the information needed 

10 reduce the ideas about arithmetic and logic to a working machine. 

In recent years the intense and widespread interest in digital com- 

pulei’H has resulted in great advances in the development of improved 
computer components and circuits. For the most part, these advances 
I in ve been obtained through the generation of new ideas rather than by 
irlinrments in the designs of the original units. Since these ideas, if 
published at all, tend to become widely scattered in various technical 
journals or proceedings of conferences, it has become increasingly diffi- 
( iiH for an engineer, particularly a newcomer to the field, to learn the 
•'lulu of the art in any phase of the subject which he has not been 
following closely. Accordingly, a major purpose of this volume is to col¬ 
li H (lie ideas related to digital techniques and to organize them in a 
coherent and unified manner. A certain amount of original material has 
been included, but as evidenced by the bibliography, most of the infor- 
nmlion lias come from other sources. The intention has been to provide 
m ready source of reference material for the practicing engineer and to 
provide a means for the newcomer to “get on board.” 

VII hough this book follows the first one in time, considerable care has 
hern exercised to write it in a manner such that the reader will not be 

11 nulled to have a knowledge of the information contained in the first 
me In a few instances it has been found that for a sensible explanation 
uf (lie component or circuit in question it was almost mandatory that 
(In reader have at least a basic understanding of the principles of logi- 
«ill lunct ions and mechanized arithmetic. For this reason a few items 
mucIi iif Rouleau notation and brief discussions of counters and adders 
have been repealed in this text, but the duplication of information has 
been held to a minimum. 
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IV 
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On the other hand, in order to be able to concentrate on concepts that 
are directly related to digital techniques, the presentations are made with 
the assumption that the reader is reasonably familiar with electrical and 
electronic fundamentals. Actually, a rather comprehensive knowledge of 
physics would be required for a thorough understanding of all compo¬ 
nents that have been devised for digital computers. Examples that might 
be cited to illustrate this point include the theory of the solid state for 
transistors, theory of magnetic phenomena for magnetic cores, secondary 
emission phenomena for certain storage tubes, gas-discharge phenomena 
for certain counter tubes, and superconductivity and other low-tempera¬ 
ture phenomena for cryotrons. However, it is possible to obtain an appre¬ 
ciation of the digital aspects of the subject without this extensive knowl¬ 
edge. In the explanations of the various components and circuits the 
aim has been to present enough background material for a person who 
is moderately well versed in electrical and electronic fundamentals to be 
able to understand the subject without having the text unduly diluted 
with topics that are not closely related to digital techniques. 

The aim of concentrating on digital concepts has had an influence in 
the character of the text in that much of the information presented is of 
a qualitative nature rather than quantitative. Of course, when an engi¬ 
neer is actually engaged in choosing the design parameters to be used 
in a working machine, it is necessary to make a quantitative analysis 
of the components and circuits. Although design formulas are presented 
in some instances (diode switching circuits, for example) where the digi¬ 
tal aspects of the subject have an outstanding influence on the design, 
it has been found that for the most part the design procedures are the 
same as used in many other branches of electrical and electronic en¬ 
gineering, and these procedures have been adequately covered in other 
text books. 

Another reason for concentrating on digital concepts rather than de¬ 
tailed design techniques is that, in spite of the applicability of the prin¬ 
ciples of well-known design procedures, many of the components and 
circuits are sufficiently complex to render the procedures ineffective unless 
the interrelationships among a large and generally impractical number 
of parameters are found. The nonlinear characteristics of most computer 
components, the parameter variations which must be expected, the con¬ 
flicting requirements of speed, reliability and cost, and numerous other 
factors often cause the bulk of the design procedure to consist of empirical 
studies on the work bench. The flip-flop, which is a basic circuit in 
many computers, is an example that provides a good illustration of the 
situation with regard to the design of digital circuits. Several technical 
papers on the subject of flip-flop design have appeared in the literature 
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(see especially the Bibliography for Chapter 3), but it is still not possible 
to insert the desired conditions in a few well-selected formulas and “turn 
the crank” to obtain the design in the sense that this is possible in some 
other areas of engineering. The situation is complicated by the fact that 
there are so many different variations in the flip-flop circuit even when 
consideration is restricted to circuits employing vacuum tubes as the 
basic component. 

Perhaps the most compelling reason for emphasizing concepts rather 
Ilian design details is in the fact that the computer art is advancing so 
rapidly that design details almost literally become obsolete in the time 
consumed in publishing a book. So far, more progress has been achieved 
by developing new components and circuits than by “designing the last 
drop” out of an existing configuration. For example, if the book had 
horn written as recently as two years ago, the subject of electrostatic 
lubes would surely have had the dominant position in the area of digital 
storage; but now attention is centered on magnetic cores. Also, the flip- 
llop mentioned in the preceding paragraph is being supplanted by tran- 
n\ dors, magnetic cores, and cryotrons in a wide assortment of configura¬ 
tions. 

If will probably become apparent to most readers that many of the 
topics included in this book represent components and circuits which 
Iimvo never seen service in a working computer or which have been used 
id most in one or two experimental machines. The fact that a certain 
component or circuit has been selected for presentation does not neces¬ 
sarily imply that it is deemed to be attractive in comparison with alter- 
111 ! 11 vo methods of accomplishing the same function. In some cases the 
item was selected for inclusion because of its historical interest in the 
development of computers or because it represents an approach which 
Iuim often been suggested but which contains some drawback that may 
mil ho apparent. Of course, in most cases the basis for selection was its 
proven or potential advantages, and in all cases there has been an effort 
lo make some comment that will allow the reader to view the item 
in I he proper perspective with respect to its practical usefulness. 

I wish to express my appreciation to the International Business Ma- 
i Iiiiioh Corporation for permission to use the library at their Engineering 
Laboratory in Poughkeepsie, New York. In particular, I wish to thank 
In Wayne A. Kalenich, Head Librarian, and the members of'his staff 
Ini lhr many courtesies extended to me, and I further wish to commend 
l heni for the excellent library that they have assembled on the subject 
of digital computers. 


R. K. R. 



CONTENTS 


CHAPTER PAGE 

Preface iii 

1 History and Introduction 1 

2 Diode Switching Circuits 36 

3 Vacuum Tube Systems of Circuit Logic 64 

4 Transistor Systems of Circuit Logic 129 

ft Magnetic Core Systems of Circuit Logic 187 

(I Large Capacity Storage: Non-magnetic Devices 263 

7 Storage on a Magnetic Surface 314 

H Magnetic Core Storage 354 

9 Circuits and Tubes for Decimal Counting 397 

III Miscellaneous Components and Circuits 428 

II Analog-to-Digital and Digital-to-Analog 

Converters 459 

IN DEX 505 




Chapter 1 


HISTORY AND INTRODUCTION 


I'nr many years the electronics industry was devoted almost entirely 
In I lie subject of communication or the transmission of information from 
mu place to another. Besides wire and radio communication the industry 
I nr ludcd sound recording, hearing aids, television, and other information 
Imndling systems. In each of these applications the principal objective 
nl the various, pieces of equipment is to reproduce the input signal as 
in nmdely as possible at the output device. In other words, it is desired 
iluil (he output signal be a linear function of the input signal; any devia- 
i Ium I mm linearity is called distortion and is highly undesirable. 

More recently the concept of information “processing” has been de- 
vi'lopcd, and the devices used to process the information are known as 

... ors. The nature and usefulness of the information, however, are 

iml mI all the same in computer applications as where the information 
| n in ihe form of voice sounds, music, or pictures. In computers the term 
daln” would probably more aptly describe the input information, 
hiimdly speaking, the data can come from one or more of at least three 

• hill inil types of sources. In one source type the data are generated as 
(In result of physical measurements on quantities such as position, ve- 
Ini'lly, acceleration, pressure, temperature, voltage, resistance, charge, 
mii icnt, or time. It is often desired that data from these sources be 
supplied lo (lie computer directly from the measuring instruments, al- 
i In 111 fdi in many applications it is appropriate to transcribe the data man- 
H nl I \ or (o employ a recorder of some sort to store the items'until the 

• 111111 hi I <t in ready to process them. A second source of data is the alpha- 
|m Iknil and numerical information encountered in statistical and ac- 
«.mill mi* work. Examples of data in this category would include names, 
M.ldre Hen, pari numbers, dates, prices, quantities sold, interest rates, and 
111.111n others. Thu third major source of data is the numbers involved in 
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the solution of mathematical problems. In some instances the numbers 
may bear some relationship to the first two data sources that were men¬ 
tioned, but in other instances, where the mathematics of the problem is 
of prime importance, the numbers may have no physical significance 
whatsoever. Regardless of the source of the information, the purpose of 
the computer is to manipulate the data in a manner such that the output 
signal is some nonlinear function, usually a very complex function, of 
the input data. In accordance with the application to which the com¬ 
puter is being applied the output may then be used for such things as 
controlling machines, creating documents and records, and indicating the 
solution to a mathematical problem. 

In view of the considerable differences in the nature of information 
transmission and data processing, it should not be surprising that the 
circuits which have been developed for computers bear little resemblance 
to the oscillators, amplifiers, modulators, detectors, etc. that are com¬ 
monplace in applications where the output signal should be a faithful 
reproduction of the input signal. As is now generally well known, there 
are two basic types of computers— analog computers and digital com¬ 
puters. In an electronic analog computer there is a direct correspondence 
or an “analogy” between the quantities undergoing calculations and certain 
electrical quantities, mostly voltages, existing at various points in the 
computer. In a digital computer the items of data are represented by coded 
combinations of signals in which each signal may exist in one of a finite 
number (usually only two) of discrete conditions. The circuits of analog 
and digital computers are quite different from each other, and as the title 
of this book suggests, its subject matter will be limited to circuits found 
in computers of the digital type. 

The components, on the other hand, that can be used in the design of 
a digital computer can be exactly the same components which were de¬ 
veloped for information transmission applications. In fact, the first few 
electronic digital computers built were made almost entirely with tubes, 
resistors, capacitors, and other items that were standard in the communi¬ 
cations field. 

Although it would still be within reason to consider designing a com¬ 
puter entirely around components intended for communications purposes, 
it would probably be found that the resulting machine would have two 
important shortcomings. For one thing the very large number of com¬ 
ponents needed in a computer of respectable capabilities introduces 
component reliability requirements that are not often encountered in 
radios and other devices where the total number of components is rela¬ 
tively small. The other shortcoming would be in the cost of the com¬ 
puter. When a component is developed for one application, it can hardly 
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be expected to be optimum for a widely differing application. In the 
case of digital computers some functions, such as the and function, bit 
storage, and others that are discussed in later chapters, are performed 
a I a great multitude of points in the machine. In view of this situation, 
a considerable cost saving can be obtained through the development of 
components intended for specific functions. Also, because of the very 
large number of individual operations required for a computer, factors 
Mich as size, weight, and power consumption are particularly important 
m the development of computer components. Still another factor of con¬ 
siderable importance is speed of operation. Here, it must be conceded, 
Mimic communications systems employ very high frequencies, and so it 
happens to be possible to achieve very high computer speeds with certain 

of I he communications components. 

IJrief History of Digital Computer Components and Circuits. If 

mechanical machines are considered, the history of digital computer 
components extends back some three hundred years to the origins of the 
adding machine concept. However, since practically all present-day com- 
p 111 ci'M are electronic in nature (although a few electromechanical ma- 
i liliirM arc in use) and since the remainder of this text is concerned 
m I mi ml exclusively with electronic components and circuits, the history 
primmtod here will be limited to the origins of the inventions and ideas 
I hid pertain to the electronic aspects of the subject. As might be ex- 
p> i leil, (lie origins of components and circuits for electronic digital com¬ 
puters 1 h very much more recent by comparison. 

The very first electronic circuit that pertains specifically to digital 
nuiiputcrB seems to have been the flip-flop, which was described by 
\\ II Eccles and F. W. Jordan in a 1919 issue of Radio Review. At 
ihnl lime they called their circuit a “trigger relay,” and the term Eccles- 
Jordan trigger is still used occasionally in referring to this type of circuit. 
I hi’ IIip-flop contains two triodes, the anode output of each triode 
In lug led to the grid input of the other in such a manner that the circuit 
U cii| table of existing in either one of two stable states. This circuit as 
Midi mn most of the other circuits and components mentioned in this 
i lmpter is discussed in considerable detail in subsequent chapters. In 
• pih id the early appearance of the flip-flop, the concept of electronic 
.ipnfm-H was apparently nonexistent in 1919 and for some years there¬ 
after, J 

I hr next circuit to appear is mentioned here mainly to illustrate the 
imp hr! wren the first and second known references on the subject. In the 
r> on , dings of the Royal Society of 1931 and 1932, C. E. Wynn-Williams 
piddihlird descriptions of some counter circuits employing thyratrons. 
Dm functioning of these circuits is based on the fact that the anode 
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voltage necessary to initiate a current in a gas thyratron is greater than 
the voltage necessary to maintain the current once it is initiated, and a 
circuit containing a thyratron can thereby be made to exist in one of 
two stable states. By suitable interconnections between a set of such 
circuits it is possible to cause them to change states in a prescribed se¬ 
quence in response to input pulses. The function is therefore that of a 
counter. Subsequent literature, particularly patent literature, indicates 
that a great amount of effort has been applied to thyratron counters. 
Although counters of this type are of interest in special applications, 
their use in computers has not been extensive because the deionization 
requirements in the tubes impose severe speed limitations. 

The next published literature on electronic digital computer subjects 
consists of a few scattered references appearing in the late 1930’s. The 
subject matter was still limited to the use of bistable circuits of the flip- 
flop or thyratron type for counting functions. Incidentally, at this time 
the outstanding application of counters seemed to be in the counting of 
impulses created by particles from radioactive elements as the particles 
entered a suitable detecting instrument such as a Geiger-Muller tube. 
Note that a Geiger-Muller “counter” tube is not a counter in the sense 
used in the computer field; it is only the device which converts the en¬ 
ergy from the particle into a pulse that is counted. It is believed that 
during this same period certain business machine manufacturers were 
working on electronic counters to replace the mechanical and electro¬ 
mechanical counters used in business machines of the day, but no pub¬ 
lished literature on this phase of the subject is known. In the 1930’s the 
concept of an electronic digital computer as it is now understood was 
still in the most primitive stages of development. 

The real start of modern electronic digital computer development 
seems to have taken place in government projects during World War II. 
However, because of military secrecy restrictions nothing was published 
at the time. The only electronic machine of this period to come to light 
was the ENIAC, which was developed at the Moore School of Engineer¬ 
ing, University of Pennsylvania, for the Ordnance Department of the 
United States Army and which was described publicly for the first time 
in a 1946 issue of Mathematical Tables and Other Aids to Computation. 
A large portion of the ENIAC arithmetic unit and data-storage circuits 
was based on counters that were in turn based on the Eccles-Jordan 
flip-flop. Various special-purpose vacuum-tube circuits were developed 
for the control portion of the computer, but the concept of general-pur¬ 
pose logical circuits that could be assembled in building-block fashion 
appears not to have been developed. No electronic components specifi¬ 


cally intended for digital applications were available at this time; in 
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fact, the following statement is found in one of the papers describing 
lI k* machine: “War circumstances made it imperative to construct the 
KNIAC out of conventional electronic circuits and elements with a 
minimum of redesign.” 

The extensive military effort on radar development that took place 
during World War II was another important source of techniques that 
urn useful for electronic digital computers. Prior to the advent of radar 
I Ik* design procedures used for electronic devices were largely in terms 
id making a Fourier analysis of the signals and of describing the response 
id I he various circuits and components in terms of the response to the 
nine waves obtained in the Fourier analysis. In radar a knowledge of 
l Ik* sine wave composition of certain of the signals is still valuable for 
purls of the problem, but in large sections of the equipment the circuits 
'mil design procedures fall into a category generally known as “pulse 
Icclmiques.” When the signals are in the form of pulses and particularly 
nn hm the pulses occur at nonuniformly spaced intervals, it is usually 
11 n IVnible to disregard the sine wave composition of the signals and to 
consider the response of the circuits to the individual excursions of the 
Hi'iiul voltage swing. In general the circuits are approximately linear 
over limited regions of the signal swing, but because of diode action, grid 
nil off, and other properties of the components, there are sharp discon- 
it mu ties i 11 the response when the entire range is considered. The usual 
dr ign procedure involves determining the circuit equations for each in¬ 
dividual region of linearity and adjusting the circuit parameters so that 
Hu desired response is approximated as closely as possible in each region, 
i H course, the desired response is in general not the same in each region, 
iind with most pulse circuits the desired objective is achieved through 
i lir discontinuities in the properties of the circuit components. Because 
Huliir signals are of the pulse type, the cathode followers, frequency 
dividers, sawtooth generators, blocking oscillators, etc., that are dis- 
i ii i d in lexts on radar provide a much better introduction to computer 
circuits, which also employ pulses, than do communications circuits of 
11H type mentioned previously. Incidentally, pulse techniques are also 
w idcl v used in television and other applications, but since the similarity 
lid wren computer circuits and either radar or television circuits is not 
n idly close when the details are considered, the subject will not be 

purmiod further. 

Mining* Devices. After about 1946, when the possibilities of large- 
i. idr general-purpose electronic digital computers were brought to the 
nil'hi mu of more people, the research and development activity on 
Hu subject increased very rapidly. With regard to the electronic part of 
I he machines (in contrast to the input-output mechanisms) one of the 
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first shortcomings of available components to be recognized was the very 
large expense, size, and power consumption involved in providing for the 
large digital storage capacity that was needed when complex problems 
were to be solved by the computer. To meet the need of improved storage, 
three new devices appeared on the scene very quickly. These three devices 
were delay lines, magnetic drums, and electrostatic storage tubes. Be¬ 
cause so many people participatd in the developement of the various 
components it is difficult to assign credit to the specific originators, al¬ 
though a person familiar with all of the pertinent patent literature and 
interference proceedings might have some authoritative information on 
the subject. However, certain groups or organizations were definitely 
more prominent than others in the early development of these three 
storage mechanisms. 

Several different forms of delay lines for large-capacity storage have 
been invented, and at least three have been used commercially in digital 
computers—lumped-constant delay lines, mercury lines for ultrasonic 
vibrations, and magnetostrictive delay lines. The mercury lines were the 
first of these to receive extensive application in digital computers, and 
the EDSAC computer appears to have been the first machine to employ 
storage of this type. This computer was built by a group under the direc¬ 
tion of Prof. M. V. Wilkes at Cambridge University in England. De¬ 
scriptions of this machine were published in British journals in 1948. 
However, other computers employing delay-line storage were under 
construction during this same period, and a summer conference at the 
Moore School of Engineering in 1946 seems to have been the first public 
appearance of the idea of using delay lines for the storage of digital data. 
Even this point was not the true beginning of the subject, because delay 
lines had been used in radar applications several years previously. 

Engineering Research Associates, Inc., which is now a part of Sperry 
Rand Corporation, is generally credited with the bulk of the early devel¬ 
opment of magnetic drums although the first machines built by this 
company were never described publicly. 

In electrostatic storage the information is retained through the medium 
of a pattern of stored charge on an insulating surface. At least four dif¬ 
ferent forms of the storage tubes were developed to the state of perfec¬ 
tion where they could be (and were) used in digital computers. These four 
are known as the AVilliams tube, the Selectron, the holding-gun tube, 
and the barrier-grid tube. In the Williams tube scheme of electrostatic 
storage it was possible to employ cathode ray tubes of the type which 
had already been developed for television and oscilloscope applications. 
This form of storage was adopted in several different computer designs, 
whereas each of the other types of electrostatic storage appeared in only 
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one or two machines. The name, incidentally, is derived from Professor 
F. C. Williams, who worked with others at the University of Manchester 
in England, where an experimental storage device of this type is reported 
to have been completed in about March of 1948. However, other groups 
arc known to have been working on the same type of storage mechanism 
ill approximately the same time. A description of the Selectron tube was 
published in 1947 in Mathematical Tables and Other Aids to Computa¬ 
tion. Electrostatic storage has an outstanding advantage in comparison 
with either delay lines or magnetic drums in that it is never necessary 
In wait for the desired bit or bit position to appear at the reading and 
writing circuits. Instead, it is possible to select any location by electronic 
11 leans in the period of a few microseconds. However, coincident-current 
magnetic core storage, which appeared somewhat later, also has this 
feature plus some other advantages. Accordingly, by about 1955 the in- 
I crest in electrostatic storage had diminished almost to the vanishing 

point. 

'The idea of using magnetic cores for storage seems to have originated 
mI Harvard University. The concept developed at Harvard involved 
"lulling the bits from one core to the next, and in this way it was possible 
In simulate a delay line. Although a computer employing this form of 
"Image was built at Harvard, the use of magnetic shift registers for 
largo-capacity storage did not become widespread, because it was still 
neroHMftry to wait for the appearance of the desired bit or bit position at 
(he h ading and writing circuits. Also, the cost of storage when the cores 
are lined in shifting circuits is not competitive with other arrangements. 
I me itorage became much more attractive when the coincident-current 
•rheme was developed for selecting any core out of a large array with 
equal facility. This idea appears to have been developed at the Massa- 

• 1 111 ne11 m Institute of Technology, and the first published reference on the 
ulqeot was a paper by J. W. Forrester in the January 1951 issue of the 

Journal of Applied Physics. MIT was also active in applying this storage 
me! hod to a computer, and early in 1953 the MIT group obtained suc- 

• • Iul operation of a machine known as the Memory Test Computer, 

(licit employed ferrite cores in a coincident-current array. 

Several other methods have been suggested for obtaining digital stor- 
iqn systems with large capacities and fast access speeds, but the only 
mir Known to be surpassing the coincident-current magnetic core system 
•mi variations in the core access method. For special-purpose applications 

.I lm medium-sized and small computers not requiring fast access 

»|h i iU it has been desirable to retain delay lines and magnetic drums for 
economic reasons. 

More recently it lias become apparent that there are many important 
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applications of digital computers where a very large storage capacity 
(many millions of digits or alphabetical characters) is required but 
where an access time that is an appreciable fraction of a second can be 
tolerated. Magnetic drums can be used for this purpose, although a rather 
large number of them is required. Much effort has been devoted to the 
task of finding a more suitable combination of magnetic surface geome¬ 
try and means for positioning the reading and writing head at different 
points on the surface. Several schemes have been devised to meet the 
need; they include belts, discs, and strips of tape, together with a variety 
of mechanical mechanisms for positioning the heads. Photographic film in 
several different forms has also been studied. However, the search for 
storage mechanisms with very large capacity and moderately rapid 
access to randomly chosen addresses has not as yet uncovered any stor¬ 
age mechanisms that differ from the previously known ones in the basic 
principles of operation. 

Arithmetic and Control Circuits. The arithmetic and control circuits 
of the early computers employed conventional vacuum tubes in a variety 
of different types of circuits. As discussed in more detail in a later chap¬ 
ter, groups of engineers in different organizations and at different loca¬ 
tions each seemed to develop their own set of circuits, and marked dif¬ 
ferences occur among the sets. Regardless of the type of circuits it was 
always found that the total number of tubes required for a computer of 
any appreciable capabilities was much greater than desired. The large 
number of tubes created the obvious objection of high cost, but also the 
power required to operate the tubes, particularly for the heaters, caused 
the total power consumption to be objectionably great for the arithmetic 
and control circuits alone. Even the smaller machines required several 
kilowatts, and in the larger machines the power consumption exceeded 
100 kilowatts. In addition to the cost of the tubes themselves the large 
power consumption created large costs for the power supply, for installing 
the power lines to the building housing the computer, for the power itself, 
and for the air conditioners needed to remove the heat from the building. 
Because of the objections to vacuum tubes, the search for a replacement 
component has been intensive. 

An interesting sidelight in the history of computer components is that 
for a period of a few years even the technical suitability of vacuum tubes 
was in doubt. In many digital circuits one or more of the tubes may be 
held in the cut-off condition for long periods of time. It was found that 
the cathodes of tubes in this type of service tended to loose their therm¬ 
ionic emission characteristics quite rapidly. Investigation disclosed that 
a high-resistance “interface” layer developed between the nickel sleeve 
and the oxide coating of the cathode. For some reason the continuous or 
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frequent drawing of current from the cathode prevents the formation of 
Hie interface, and since most circuits designed for communications pur¬ 
poses are not held in the cut-off condition for any appreciable length of 
lime, the phenomenon had not been encountered before. The problem 
was studied extensively, and several technical papers on the subject ap¬ 
peared during a period centering on about 1950. It is not certain that a 
thoroughly satisfactory explanation of the phenomenon was ever pro¬ 
duced, but it was found that the problem could be avoided by carefully 
eliminating impurities in the tube structure. Although several impurities 
have an effect, it is particularly important that the nickel cathode sleeve 
be free of silicon. 

When manufacturing a vacuum tube containing an oxide-coated cath- 
ndr, it is necessary to “activate” the cathode before the high-emission 
characteristics of oxide cathodes are obtained. It is found, again without 
a thoroughly satisfactory explanation being available, that a certain 
amount of impurities is desirable in that an activated cathode can be 
obtained more quickly and in that higher ultimate emissions are usually 
possible. For this reason vacuum tube manufacturers normally preferred 
to have a certain amount of impurities present; also, the elimination of 
Impurities generally involves added expense. In the technical data sheets 
prepared by tube manufacturers it will be noticed that some tube types 
too specifically intended for digital computer service. One of the major 
differences between these types and the conventional types is in the fact 
Hid! I Ik* computer tubes have closely limited impurities and can therefore 
bi' operated in the cut-off condition for long periods of time. 

The introduction of the germanium diode was an important step in the 
ieduction of the number of vacuum tubes required in the arithmetic and 
eon! ml portions of a computer. Semiconductor diodes had been known 
ever since the days of the “crystal detector” radio sets and had been used 
• \leiiNivdy in radar receivers and other applications in World War II. 
However, diodes of the quality needed for digital computer service did 
no! appear until a few years later. Also, in spite of the simplicity of the 
diode and and or circuits as described in the next chapter, these circuits 
did no! seem to be among the first inventions related to digital computers. 

I he first published reference on the subject was a paper by C. H. Page 
in Hie September 1948 issue of Electronics. During the next two years or 
no I lie possibility of reducing the number of thermionic heaters by replac- 
Hir many of the vacuum tubes with semiconductor diodes became widely 
appreciated. Almost all sets of arithmetic and control circuits designed 
a Her Ibis period included a large proportion of diodes. 

The announcement of the transistor in 1948 was met with enthusiasm 
by the computer industry because of the obvious potentialities with 
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regard to reduced power consumption and also with regard to smaller 
size, reduced weight, and other factors. Many projects were initiated in 
educational, industrial, and government organizations to investigate the 
transistor and to develop digital computer circuits with the transistor as 
the basic element. Many of the results of this work are described later 
in the chapters on transistor systems of circuit logic. Unfortunately, the 
initial expectations with regard to availability, uniformity, reliability, 
stability, and cost were very slow to materialize. Also, when digital com¬ 
puter circuits are considered in detail it is found that some transistor 
characteristics (collector cut-off current, for example) are not of the 
form that would be desired for convenient circuit design. By 1955 a few 
small experimental computers employing transistors had been built, and 
by the middle of 1957 at least three companies had announced commer¬ 
cial versions of computers employing transistors. However, actual de¬ 
liveries had not yet begun. 

Although the magnetic core shifting circuits that originated at Harvard 
University did not become widely accepted as a large-capacity storage 
medium, they did become the basis for several different sets of arithmetic 
and control circuits that are described in the chapter on magnetic core 
systems of circuit logic. The idea of using magnetic cores in circuits of 
this category appeared as early as 1950 in a Ph.D. thesis by M. K. 
Haynes at the University of Illinois, but the first published literature on the 
subject did not appear until 1953. After this approximate date the devel¬ 
opment activity on magnetic core circuits increased rapidly in a number 
of laboratories. The first digital computer employing core circuits in 
the arithmetic and control section was, so far as is known, a machine 
built by Sperry Rand for the United States Air Force. This computer 
was described briefly in the July 1956 issue of Electronics. 

Input-Output Devices. The early digital computers relied heavily on 
existing devices for entering the data into the arithmetic and control 
portion of the computer and for recording the computed results. These 
devices were obtained both from the communications industry and the 
business-machines industry. The communications industry supplied tele¬ 
printers and equipment for handling punched paper tape. The business- 
machines industry supplied line-at-a-time printers and equipment for 
handling punched cards. Also, solenoid-actuated electric typewriters of 
various designs were soon adapted to computer service. All of these 
devices are still of basic importance in computer applications, although, 
as might be expected, the more recent models are greatly improved in 
comparison with the ones available originally. In particular, the speeds 
of operation are much greater, and the interconnections between the 
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Input-output devices and the computer are generally much more flexible 
and useful. 

Magnetic tape handling units are one type of device that have been of 
considerable prominence in the input-output portions of digital com¬ 
puters and that have required special development effort. In some ap¬ 
plications the magnetic tape units serve more as a large-capacity but 
wlnw-access storage device than as an input-output device; however, the 
distinction is not of consequence here. The origin of the magnetic tape 
concept is not generally known. A search of the patent literature would 
probably reveal that the parts of the idea came from a variety of sources. 
In fact, the basic idea of recording sound on a surface of magnetic mate- 
mil in any of several geometric configurations is known to be very old in 
trims of the time scale visualized for electronic development. The ap- 
penrnnee of the first magnetic tape units for computers came very shortly 
alter the first electronic digital computers themselves. 

Actually, a magnetic tape sound recorder could be used in digital 
applications by incorporating a few minor changes in the controlling 
circuit, m, but the resulting device would be highly inefficient by compari- 
mi ill Some of the features desired for digital applications that are not 
inquired for sound recording include a much higher tape speed, the ability 
In Mart and stop the tape quickly, and a multiplicity of recording tracks 
along the length of the tape with an accurate spatial relationship between 
• nr responding points on the tracks. The requirements as to the quality of 
I In In pc are also much greater for digital work than for sound recording. 
\ defect that would cause only the slightest noticeable noise, if any, in 
a mii mil system could cause errors that would render that portion of the 
i«ipe unusable in a computer. In view of the differences in the nature of 
iIn information being recorded, the circuit techniques that are used for 
leading and writing are quite different in the two applications. Several 
cm-i Merit and igenious units for handling magnetic tape for digital ap- 
pllnilions have been developed by various companies. The mechanical 
pm I Inns of these units are not a subject of this text, but the circuit tech¬ 
niques for obtaining high-density storage are described in some detail in 
Hie chapter on storage on a magnetic surface. 

\ « l In* usefulness of digital computers has expanded from strictly corn- 
put ntmmi I and accounting types of problems to problems of simulation, 
pmeesH control, and others, the range and flexibility of the input-output 
de\ ires has been increased. In particular, devices are needed for convert- 
ini' mining signals to digital representation at the input to a computer 
and fur converting the computed results, which are in digital form, to 
aiming signals. Chapter 11 has been devoted to this subject. 
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The relationship between the computers and the people that use them 
has also been given much attention. For example, in accounting applica¬ 
tions the bulk of the original input data is at one time or another in the 
form of a printed record. It is necessary for a person to transcribe this 
information into punched cards, magnetic tape, or some other medium 
which the computer can handle. Direct keyboard entry is also possible, 
but because of obvious inefficiencies this method is used only in certain 
special instances. In any case, the manual handling of data is always 
found to be one of the most troublesome sources of errors. To avoid 
these errors it would be desirable to have a device which automatically 
produces the proper digital signal from information obtained by photo¬ 
electric sensing of the characters. Serious effort has been applied to this 
problem, and by 1955, the first of such machines had appeared, although 
the subject of “character sensing,” as it is often called, was not yet well 
developed in terms of the versatility that would be required for wide¬ 
spread utilization of such devices. 

Another aspect of the relationship between computers and people is 
the development of output devices that display the computed results in 
a form that can be interpreted quickly. One example here would be 
in the fact that a graph is much more readily interpreted than a column 
of numbers, and various electromechanical and oscillographic methods 
have been developed for plotting graphs from the results obtained from 
a digital computer. 

Boolean Algebra. Although in principle the signals used in a digital 
machine could have three or more discrete values, the instances where 
more than two are employed are so rare that at least for present purposes 
it may be assumed that all digital signals are “bi-valued” or “binary” 
in nature. The two values are usually designated by 0 and 1. The mean¬ 
ings of the signals in a digital computer fall generally into two different 
classes. In one class the signals are in coded groups of one sort or an¬ 
other, and they represent items of data. For example, 10111011 is the 
binary representation for the decimal number 187. In another example, 
100010 might be used to represent the letter K. Normally the same 
representations for digits and letters are used at the input, the output, 
and at intermediate points in the data-processing procedure, although 
it is not mandatory that a given set of coded combinations be used 

throughout a machine. 

In another class of meanings the signals are used for various control 
purposes. An example of this class would be the use of a 1 or a 0 on a 
certain control wire to indicate that the first item of data on a tape unit 
has or has not, respectively, been sensed by that unit. Another example 
would be found in the signal which causes the reels on a tape unit to 
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start in motion; when no such signal is being transmitted the value of 
1 lie signal on the corresponding control line is said to be 0; but the pres- 
« nee of such a signal, which may be just a short pulse, implies that the 
signal has a value of 1. Numerous combinations of these two types of 
meanings will be found when the signals in any actual computer are 
analyzed in detail. 

Regardless of the meanings of the multitude of different signals in a 
computer, the operations performed on the signals are composed of a 
very lew basic functions. It is convenient to list these functions as or, 
am», inversion, delay, and storage, although (as discussed in later chap- 
Icim) it is not necessary to provide circuits or components that perform 
each of these five functions in a separate and distinct manner. Specifi- 

• illy, one or the other but not both of the and and or functions can be 

• 1 1 minuted, and the same is true for the delay and storage functions. 
AK Home types of storage devices provide inversion as a sort of by- 
proiluct; but if this feature is used to eliminate inverters, it then becomes 
necessary to provide both and and or functions. It turns out that the 
I'M ir functions are not only few but also very simple. The difficulty 
ui'Imoh when they are combined in complex patterns such as are needed to 
pi i form the arithmetic and control functions to be executed by the 

computer. 

Wliiil is needed is a system of notation to simplify the recording of 
l In- mlorconnections linking all of the individual circuits and components 
Him I provide the basic functions. Further, it is desired that the system of 
mil ill ion be useful in finding the interconnections required for producing 
lln complete arithmetic and control functions. Boolean algebra has 
emerged as an effective means for meeting these needs when certain 
Ivpi-M of circuits and components are employed. Richards’ Arithmetic 
llftnuitiona in Digital Computers contains two chapters devoted to 
Mi hi leu ti algebra, and therefore the subject will be covered here only in 

• mini'll detail to provide an understanding of the notation as used in 
In!ei cliupturn of the present book. Since, for the most part, this book 
i* concerned with the circuits and components for providing the basic 
Iiiin Holm and not with the complex interconnections, little more than 
dcOnltlnuH will be needed. 

Moolcan algebra is named for George Boole, who about the middle of 

... cenutry devised a system of notation to describe and 

miiiiIn /e hi n!cnees from the standpoint of their logical content. The sub- 
)M became known as the “mathematical analysis of logic.” It is from 
*1.1" curly application of the notation that the terms “logical circuits” 
Mud 'circuit logic” are derived. Several variations of the notation have 
lut'ii devimul, but the one which appears to be the most useful for com- 
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puters is one which is concerned most directly with the or, and, and 
inversion functions. 

In the case of a device which produces the or function there are two 
or more input signals and one output signal; the output signal is 1 when 
at least one of the input signals is 1. If there are two input signals, 
labeled A and B, and if the output signal is C, it is said that C is equal 
to 1 when A or B (or both) is equal to 1. The plus sign is used to repre¬ 
sent the or function, so that in Boolean notation the relationship C = 
A 4- B is obtained for this device. 

A device which produces the and function also has two or more input 
signals and one output signal, but in this case the output signal is 1 only 
when all of the input signals are 1. If the same letter designations are 
used as before, it is said that C is equal to 1 when A and B are equal to 
1. The Boolean notation for the and function is obtained by placing the 
symbols together in the fashion which indicates multiplication in ordinary 
algebra: C = AB. It should be made clear, however, that there is no 
relationship between the logical functions and the ordinary arithmetic 
operations of addition and multiplication. 

An inverter is a device for producing the function of inversion. One 
input signal is supplied to an inverter, and the binary value of the out¬ 
put signal is opposite to that of the input signal. In other words, the 
output is 1 only when the input is 0. The word not is commonly used in 
referring to the function of inversion, and it is said that if the input 
signal is A and the output is C, then C is equal to not A. A convenient 
symbol for inversion is a bar over the inverted variable. The equation 

for this function would be C — A. 

Some important relationships which can be derived easily from the 
definitions are listed at the top of page 15. The variables, A, B, and C, 
in these equations are all arbitrary variables that may represent binary 
signals at any point in a computer. 

The application of these basic logical functions and operations to com¬ 
puter functions is substantially the same for both the data and the con¬ 
trol signals in spite of the considerable differences in origin and purpose 
between the two classes of signals. In the case of data signals, an exam¬ 
ple of a common computer function would be the addition of two digits; 
another example would be the determination of which of two letters is 
farther along in the alphabet. The computer performs these functions by 
forming logical combinations of the binary signals that represent the 
input data. The complexity of the arrangements required for adding 
digits or comparing letters would depend on the exact form of the binary 
code used to represent the data, but in any case the desired results can 
be accomplished with or, and, and inversion equipment. Similarly, the 
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A - B = B + A 
AB = BA 

(A+B) + C = A+ (B + C) 

C AB)C = A(BC) 

A + 0 = A 
A + 1 = 1 
A + A = A 
AO = 0 
Al = A 
AA = A 


AB + AC = A{B + C) 

A + BC= (A + B)(A + C) 
A + A = 1 
AA = 0 

A = A 

AB = A + B 
A+B = (. A)(E ) 


• !« In itnniil ion of when to start the reels on a tape unit, for example, can 
I** made by feeding certain of the control signals to a set of circuits 
Mlilcli perform the same or, and, and inversion functions but with ap- 
I'lnpi lately different interconnections linking the functions. 

IicrutiNc the basic logical functions apply to all computer functions in 
•• uni i nl universal manner, components and circuits specifically intended 

..nil iplying, comparing, controlling tape units, etc. are not necessary 

Mud are seldom used. One exception is in digital machines where decimal 

.it mg is the major or sole function to be performed. In view of this 

»|llull Ion, decimal counters are given specific attention in a later chapter, 
but oilier computer functions are largely omitted. Binary counters and 
iiddem iire, however, included at various points as illustrations of the 
immiii i m which the individual logical circuits are interconnected. 

V in discuHsed in considerable detail in the chapters on systems of 
i ll cull logic, some types of circuits and components that perform the 
I"H'ir logical functions are much better suited to the use of Boolean 
id|H Inn limn oilier types. With some varieties of circuits and components 
I In 1 di lay and storage functions are so intermingled with the or, and, and 
bo ci mu Inactions that no notation yet devised is of any particular value 
Ui dt Iguing I la* computer or in recording the interconnections after the 
ili'Nlgii i completed. Many of the circuit and component types are com- 
pi I'lni"! in the sense Unit Boolean notation is useful in certain parts of 
... r or in certain small assemblages of the basic logical func- 

• iniiu, but not for describing the computer in its entirety. It should not 
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be construed, however, that the value or quality of the circuits and com¬ 
ponents is necessarily determined by their adaptability to Boolean nota¬ 
tion; some very commendable machines have been built with systems 
that differed widely in this respect. The notation is not absolutely neces¬ 
sary, and in fact it is doubtful whether any of the engineers who de¬ 
signed certain of the earlier digital computers were even aware of the 
existence of Boolean algebra. Nevertheless the usefulness of the notation 
in many situations is established, and all designers of modern digital ma¬ 
chines should be expected to have a knowledge of the subject. 

Reliability and Errors. It has already been mentioned that distortion 
in the ordinary sense of the word is of no consequence in digital machines. 
In general the purpose of the digital machine is to process the data or 
information and not just to transmit it from one place to another. For 
satisfactory operation it is sufficient to preserve the wave form of the 
signals only to the extent necessary to distinguish the discrete digital 
values being represented. Normally, however, the circuits and com¬ 
ponents are designed so that at each stage of the processing a signal 
regeneration action takes place which causes the signals to be of proper 
amplitude, duration, and timing at all points in the machine. Therefore, 
there is no question about the quality of the output of a digital machine, 
provided the logical operations are being followed properly. Although a 
certain amount of drift or deterioration in component parameters can 
take place without any effect whatsoever on machine performance, the 
machine will interpret the signals incorrectly or will fail to perform the 
desired logical functions when the change in parameter values becomes 

excessive. 

When a signal is incorrectly interpreted or when a logical function is 
incorrectly performed, it is said that an error has occurred. As might be 
expected, a machine is referred to as being highly reliable when it creates 
no errors over a long period of time. Because of the obvious desirability 
of having reliable machines, a great amount of attention has been devoted 
to the development of components and circuits that afford a high degree 
of reliability. The techniques and procedures used for obtaining reliabil¬ 
ity vary tremendously from one instance to the next and are therefore 
difficult to discuss in a generalized manner. For example, the designs and 
manufacturing processes involved on producing reliable capacitors and 
the corresponding factors involved in obtaining reliable transistors are 
both extensive subjects, but they bear little resemblance to each other. 
For another example, the detailed considerations involved in obtaining 
a reliable flip-flop are very much a function of whether the flip-flop con¬ 
tains vacuum tubes, magnetic cores, or some other type of component. 
In spite of the wide variations in the methods for obtaining reliability 
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willi the different components and circuits, there are a few basic prin- 

• iph’M which will be discussed briefly here. Many of the more detailed 
Im iliit h are discussed in connection with the individual circuits and com- 
pnncnls as they are described in later chapters. 

Component Reliability. In the case of components the major require- 
iih ill is simple in principle, but often very difficult to achieve in practice. 
I 1 1 in requirement is that the component parameters remain at the desired 
valium throughout the life of the machine. The parameters are never 

• imrlly at the desired values, as a result of one or more factors. One of 
I In e factors is manufacturing tolerances. Assume, for example, that a 
Imlcli of resistors is being manufactured, each of which is to have a 
H'»ii limn* of 10,000 ohms. At least three different lines of approach can 
I" Inken t,o manufacture the required number of resistors which will 
I'iim lhe indicated resistance to any desired degree of accuracy. Prob¬ 
ably I he most obvious approach would be to control each stage of the 
nimui fuel uring process as closely as necessary to produce the desired 
M'niiIU, Another approach would be to measure the resistance of each 
I'Minpleled unit and then by some means or another adjust the resistance 
•«l '’in h one ho that it is equal to 10,000 ohms plus or minus the maximum 
iilhiwiihlc tolerance. A third approach would be to manufacture many 
Mimi’ unit h than required and then select the ones that have resistances 
tnllli h nl ly close to 10,000 ohms. With this approach the extra units 
won Id hr discarded, used in applications where the tolerance require- 
»i»' nl w nm Ichh stringent, or assigned different nominal resistance values. 
All llure of these approaches and combinations of them have been em- 
|il»\ i'd, hut all of them cause the cost of the units to increase as the 
hih'i unco limits are made more stringent. 

Tile general deterioration of components with time and use is another 
fii• 1 1 1 • i which causes the parameters to be different from the desired val¬ 
ue* The miHons for the deterioration depend on the nature of the com- 
I'him ni ami include such things as the evaporation of material from the 
Un iniionie cathode in a vacuum tube and the chemical and electrochem- 
•i‘»il m l Inn of impurities at the rectifying junctions in diodes and transis- 

.. \H hough the reliability of any given component can be improved 

l*y \ m inus techniques, one of the best ways of controlling component 
V f i • i n I Inn from this source is to select the types of components which 
Ain I• \ I heir nature the most stable. Magnetic cores have been parti cu- 
IaiIv nllrnclive in this respect; the change in magnetic properties with 
lime mid iisiige is very slight, and no magnetic core that has become 
M llefe« I ive" for reasons other than mechanical damage has ever been 
m pm led so far as is known. 

I n\ iiohiiienfid factors such as humidity, vibration, and temperature 
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are also important in controlling the values of component parameters. 
The effects of humidity are usually reduced through the obvious proce¬ 
dure of sealing out the moisture by means of a protective covering of 
some sort. Usually the covering is on the individual components, al¬ 
though a covering for the computer as a whole is of value also. The 
effects of vibration can be reduced through the use of mechanical designs 
which provide rugged components and by using mountings which isolate 
the components from the vibrations. A temperature-controlled oven is 
usually effective in controlling the component parameter variations 
caused by changes in ambient temperature. However, with regard to 
temperature it is necessary to consider the heat generated within the 
component itself, and in some cases it is necessary to provide means for 
cooling the components. As with time and use effects, a good way to 
control effects of environment is to choose components that are relatively 
insensitive to environmental conditions. The properties of magnetic cores 
are functions of temperature to some extent, and an appreciable amount 
of heat is generated in them when the flux is reversed at high repetition 
rates. Nevertheless, when compared with tubes and transistors, their 
principal alternatives, cores have been found to be one of the most at¬ 
tractive types of computer components from the standpoint of insensi¬ 
tivity to environmental conditions. 

Still another factor affecting the stability of component parameters is 
the set of ratings which are applied to each component as a guide for 
determining certain circuit design parameters. For example, a certain 
type of vacuum tube may have a d-c cathode emission current rating 
of 15 milliamperes maximum. This statement means that the person who 
determined the rating decided (presumably from good evidence) that 
the tube will function properly and will last a reasonably long time in 
the applications for which it is intended if the cathode current is main¬ 
tained within this limit and if all other ratings are correspondingly ob¬ 
served. Unfortunately, it is difficult to determine whether the manufac¬ 
turer’s ratings for a given component are realistic, whether they can be 
safely exceeded, or whether more conservatism must be applied. The dif¬ 
ficulty arises from the fact that the component designs become obsolete 
in the time required to obtain accurate data about the range of condi¬ 
tions under which the components will last a long time. In the literature 
describing various specific computers, frequent statements are found to 
the effect that certain of the manufacturer’s component ratings were 
arbitrarily reduced to insure reliable error-free operation over long pe¬ 
riods of time. A policy of conservatism such as this probably is of value, 
although if a much greater number of components or if substantially 
more costly types Qf components become necessary to perform the re- 
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ipilied functions in the computer, it may be preferable to employ less 
cmiMervative ratings and to plan on replacing the components more often. 
I* vrn with very conservative ratings it is usually found that a small per- 

• filings of the total number of components will fail prematurely. For 
tills reason it is desirable to install marginal checking facilities (dis¬ 
dained in a later section of this chapter) to detect components that are 
lic"oming weaker and are about to cause errors. When effective marginal 
cheeking facilities are available, the need for conservative ratings is 
illiiilnished. Of course, many of the preceding remarks would not apply 
In a computer intended for use in, for example, a guided missile that is 
In be blown to bits shortly after it is launched. 

Tim role of probability must be recognized when measuring or evaluat¬ 
ing liny of the factors which affect the stability of component parameters. 
Ity employing sufficiently accurate measuring instruments it is possible 
In 11 nd variations in the characteristics of individual specimens in any 
bnlcli or lot of nominally identical units. These variations are usually 

• "h idcrnble with electronic components manufactured by assembly- 
llnc methods or by automatic machinery. Therefore, the measurements 
•mini bo made on a sample consisting of several units of a given type. 
I In determination of the size of the sample necessary for obtaining sig- 
eilh aid information is an interesting topic in the fields of statistics and 
I lie I henry of probability but is too extensive to be covered here. It will 
pi"! be remarked that the measurements are seldom considered to be of 

• nine unless they are taken on at least ten specimens. With tubes, diodes, 
wed IranHistors the studies have often been extended to include data 
I aki n from many thousands of specimens of a given type. 

I milier if should be appreciated that considerable caution must be 
Min'd when applying the data obtained from one sample to the making 
el <m enlimate of the results to be expected from another sample or from 
Him hid eh as a whole. There is always a chance that the maximum pos- 
ilble variation will occur from one sample to the next. It is for reasons 
mnh h i I his I hat it is often deemed necessary to measure the pertinent 
P m i ii 11 it * 11' I'M of each and every component to be used in a digital com¬ 
p'd* i rnlhrr than rely on the fact that measurements on a sampling of 
ih. in Indicated no unacceptable units. In some instances seemingly minor 
v mi i m I ini is in (lie manufacturing process of a component or in its circuit 
Applied!inn have created drastic effects on the stability of its parameters. 
Thi n lore if is necessary to be cautious when applying the data obtained 
fiiiiii m given not of circumstances to a similar but slightly different situ- 
aIImii, 

rin id! Reliability. If the components have parameters which are per- 
M lv uniform end stable, about, the only thing that would cause errors 
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in a computer would be the introduction of extraneous signals from stray 
electromagnetic coupling to outside sources. This factor has on occasion 
been known to be the source of considerable difficulty, but ordinarily the 
problem can be solved in a straightforward manner through the use of 
shielding of conventional design. In this regard an amusing story was once 
told about one of the earlier computer laboratories which happened to 
be situated near an electric welding shop. Every time a welder would 
strike an arc some errors would be introduced into the computer. The 
computer engineers eventually installed sufficient shielding to overcome 
this difficulty, but as their computer grew larger through the addition of 
new features the added tubes increased the power consumption to the 
point where the welders began to complain about the difficulty of mak¬ 
ing uniform welds when the computer was turned on and off. 

The major problem encountered in the design of circuits that yield 
reliable performance is caused by the nonuniformity and the instability 
of component parameters. There are a few other parameters which af¬ 
fect circuit operation; some of the more important of these are the sup¬ 
ply voltages and the amplitude of the input signals. In general the 
requirement is to obtain circuit designs that will operate properly over 
a range of parameters that is as wide as possible. Ordinarily a digital 
computer is either working properly or it is making errors and is there¬ 
fore not working properly. There is no such thing as poor operation in 
the same sense that a radio receiver may be producing poor reception. 
This statement has to be qualified to the extent that the errors may be 
so frequent that the computer is quite unusable or the errors may be so 
infrequent that any of several different procedures may be used for de¬ 
tecting and correcting the errors without producing any appreciable 
reduction in the usefulness of the machine. Nevertheless in any specific 
circuit and at any specific time step, the signal regeneration properties 
of the digital circuits have the effect of causing the required logical 
function to be performed correctly or incorrectly without any intermedi¬ 
ate response being possible. 

The situation is illustrated qualitatively in Fig. 1-1. This figure shows 
two examples of plots that might be obtained when determining the 
region of proper operation of a digital circuit with two parameters being 
varied. For purposes of illustration assume that the circuit under con¬ 
sideration is a vacuum tube flip-flop, the anode load resistances and 
grid return resistances being parameters 1 and 2, respectively. The plot 
of proper operation might be as indicated in Fig. 1-1 (a). Each pair of 
resistance values corresponds to a point on the plane. The region which 
is shaded indicates those combinations of parameter values for which 
the flip-flop will fail to operate properly, but if the combination corre- 
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I m 1-1. Examples of the region of proper operation of a digital circuit as a 

function of two parameters. 


"ImiikIn to a point in the unshaded region, the flip-flop will perform as 

i"i|iiiivd. Of course, it must be assumed that all of the other parameter 

ntliicH arc appropriately selected. In principle, the dividing line between 

l lir region of proper operation and the region of improper operation is 

a discontinuous boundary, but measurements will always indicate that 

I lie points near the boundary represent conditions where the circuit 

.net hues functions properly and sometimes improperly. The cause for 

I hi" result is that one or more of the other parameters is not being held 

I" 1 fi'i'My constant with time. Another cause encountered fairly frequently 

I" Hint the circuit may function properly with certain combinations of 

■•U"“l within the computer but may fail in the presence of certain other 
cninhlimtions. 


I 1 lg l-l (b) shows a situation where one of the two parameters has a 

.linin' hut no maximum allowable value, provided the other param- 

.. maintained within specified limits. An example of this situation 

.Id he found for the case where parameter 1 is the duration of the 

l"l'Ul l‘"l H ‘‘ to a flip-flop and parameter 2 is the amplitude of the pulse. 

" nil nine flip-flop circuits the input pulse may have any duration above 

.'lulu minimum, but the amplitude must be sufficient to cause the 

. . . . I" change state and yet not so great that the resulting stable state 

•.•clationship to the original state or that damage is caused to 

Millie of the components. 

\\ lien designing a circuit the normal procedure would be to select pairs 
el puiiiiiieter values that are in the region of proper operation and that 
(in ii far us possible from any point on the boundary. When the param- 
elii" arc chosen in this manner the circuit will be the least sensitive to 
Ilt*l ulitlify of the parameter values. Of course if it is known that a given 
I""i"i" Id' always tends to drift in the same direction with time, the 

in' the initial value of the parameter would bo adjusted accord- 
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ingly. One example of this type is the cathode emission current in a 
vacuum tube, which usually diminishes with time. Another example is 
found in the value of resistance of carbon resistors, some varieties of 
which tend to display an increasing resistance with time while other 

varieties are known to change in the opposite direction. 

Although the concepts illustrated in Fig. 1-1 are of considerable value 
in designing reliable circuits, two serious difficulties are encountered 
when attempting to apply these concepts in a manner which could be 
called thorough and complete. One difficulty is the obvious one that the 
operation of a circuit is not dependent just upon the appropriate selec¬ 
tion of pairs of parameters, but is dependent upon the simultaneous se¬ 
lection of appropriate values for all of the parameters that have an 
influence on circuit performance. Instead of a two-dimensional plot as 
indicated in the figure, an IV-dimensional plot would be required where 
N is the total number of component and circuit parameters which have 
an influence on the performance of the circuit. A pictorial representation 
of the range of proper operation for three parameters is possible although 
awkward, but when the representation must be made in four or more 
dimensions it is extremely difficult to devise a scheme that offers worth¬ 
while assistance in the visualization of the range of parameters over 
which proper operation is obtained. Also, for a complete understanding 
of the situation it would be necessary to make a determination of 
whether or not the circuit would function for each possible combination 
of circuit parameter values in the region of interest. With the large 
number of parameters normally encountered with most circuits, the task 
of finding this information either by experiment or by calculations would 
be tremendous. A computer capable of solving the circuit equations and 
capable of inserting multitudinous combinations of parameter values in 
an automatic fashion would be of great value in this respect. A deterrent 
to the use of computers for this purpose is the general difficulty of find¬ 
ing mathematical relationships that specify circuit operation with an 

accuracy that is sufficient to be useful. 

A second difficulty encountered in the practical application of the 

concepts illustrated in Fig. 1-1 is in the definition of proper operation 
when a given circuit is isolated from the circuits that supply the input 
signals and from the circuits to which it sends signals. For example, it 
is simple to observe whether or not a flip-flop is changing state as input 
pulses are applied, but a question arises whether the output signal is of 
amplitude, duration, and wave form that will allow proper operation of 
the next circuits in the logical sequence. In other words, the flip-flop may 
function properly with a certain set of parameters, but may still cause 
orrorH when the circuit design is installed in a machine because the out- 
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I mi I signal from the flip-flop is inadequate. The design procedure must 
I herefore include a consideration of the interconnections between circuits. 

< hie scheme that has been used for insuring that circuits designed in¬ 
dependently will all function properly when connected together involves 
l lie netting of specifications of the signals transmitted between the indi- 

• iduill circuits. The specifications designate maxima and minima in the 
Ini| tori lint parameters (principally amplitude and duration when applied 
In ii specified load) of the “standardized” signal. The parameters of the 
liipul signal to a given circuit then play a role which is somewhat dif- 
i* n nl from the other design parameters of the circuit. The values of the 
"i In i design parameters must be chosen so that (a) the circuit will 
liiiirtinn properly if the input signal meets the specifications and so 
i Ini) (M I he output signal will meet the specifications. Another way of 
s h \\ Inc the scheme is to assume that the (6) requirement as well as the 
(nl requirement is included in the definition of proper operation. Note 
i Iml I lie scheme is only an aid in design and does not necessarily make 
iIn nimputer any more reliable. It should also be noted that the signal 
ipei ideations are somewhat fictitious in that a failure of an intercircuit 
ftlpiml In meet the specifications does not necessarily indicate that errors 
Hll he caused in the computer. On the other hand, a standard signal 
Wave form is useful for locating potential or actual sources of errors be- 
<■•11 e il I he signal at some point in the computer is found not to be 
mi Inn Mpceifications, a definite indication is obtained that the value of 
Mime parameter is an associated circuit is not within the intended limits. 

I luce I he exact values of the various component and circuit parame- 
lia dir largely matters of probability, the question arises as to what 
cIimiim « should be taken with regard to the possible variations that might 

♦ •••m Thin question arises in many different ways, but it probably ap- 
|••• ii i 11 him! frequently in instances where the choice is between a circuit 
ihul allows a large variation in the values of the parameters but requires 
H m hillvely large number of components, and a circuit that places more 

nun nl limitations on the values of the parameters but consumes fewer 
Mi m111m mi ill n. The stringent limitations are an obvious disadvantage, al¬ 
ii. eh when the components are fewer there is less likelihood that one 

m .. parameter values will drift to the region of improper operation. 

A . . .I example of where the question arises is in a coincident-current 

Mimimh in- cure storage system. Some arrangements have a high selection 
fUllii mid so allow considerable variation in components but con- 
illh, ii large number of them in the address selection equipment. Other 
fthaiii" in- ills have a low selection ratio and the opposite features. The 
plinli • i I'enerally dependent upon a complex combination of the de- 
Irnl. l data on component stability, the response of the circuit as a 
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function of all parameters, and various cost aspects of the alternative i 

approaches. _ I 

Marginal Checking. Even after a circuit has been designed to provide 

the highest degree of reliability obtainable it can usually be expected I 
that the component parameters in some of the circuits will drift suffi¬ 
ciently to cause errors. Ordinarily it is desirable to detect the compo¬ 
nents that are causing marginal operation and to replace them before 
they have deteriorated to the condition where errors are caused. “Mar-1 
ginal checking” is the term generally applied to the means used for 1 

achieving this purpose. ■ 

The principle of marginal checking is quite simple. If one or more of I 

the component parameters has changed so that the circuit is near thej 

region of improper operation, a deliberately induced change in one of j 

the circuit parameters can be used to carry the circuit into the regioixj 

of improper operation so that errors will be created. The amount of the! 

induced change is not so great that errors will occur in circuits having 

component parameters which are at their intended values. The error® 

which are created can then be detected by any of several different means, 

which may include error-detecting logical arrangements in the computer, 

programmed error checks, and various observations of a more manual 

nature on the computer as a whole or on certain parts of it. After thel 

presence of an improperly operating circuit has been detected, the loca-l 

tion of this circuit can be deduced from the response of the computer to 

appropriately selected testing routines. The specific component which id 

marginal can sometimes be ascertained from the nature of the errorsi 

but it is a more common procedure to replace the entire circuit contain^ 

ing the weak component, such replacement being facilitated through th^ 

mounting of the circuits on pluggable units. 

Normally, the particular circuit parameter which is changed is on 
which is common to a large group or all of the circuits in the machin^ 
The installation of means to vary a parameter in each circuit individu 
ally would usually be considered too costly, and the marginal checking 
procedure would be rendered quite time-consuming. In practical appli 
cations the supply voltages to the circuits are probably the most comj 
monly selected parameters to be varied, although with some types ofl 
circuits the repetition rate of the primary source of “clock” pulses is an 
effective parameter for this purpose. Of course, the checking for thd 
presence of marginal components would be done during periods set asidi 
for maintenance of the computer and not when useful calculations ard 

being performed. M 

In spite of the simplicity of the basic concept of marginal checking 
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1 1 is found that many subtleties are encountered when the subject is con- 
IitcmI in detail. One reason is that the M-dimensional plot of the region 
• ■I proper operation of a circuit is not in general a simple “A-dimensional 
sphere” for which an operating point near the center can be selected. 
I unload, the region can assume a wide variety of odd and peculiar shapes. 
W ilh some circuit designs it can happen that if a given component pa- 
iHinrirr value drifts in one direction, the proper operation of the circuit 
will be sensitively dependent on the value of some other parameter such 
Mw anode supply voltage, for example, that might be selected for mar- 
idmd checking purposes. On the other hand, if this same component 
lumuneter value drifts in the opposite direction or if the value of some 
"•In i parameter changes, the circuit might be quite insensitive to the 
' mIiic of the anode supply voltage. Yet the original choice of parameters 
' burn may have been quite appropriate in view of the effects of all 
pmnmeters on the circuit. In this instance the marginal checking scheme 
Would not always be effective. 


\liol her subtlety encountered with marginal checking is the fact that 
‘"Mu circuits, notably cathode followers, are not particularly sensitive 
in i be exact values of the supply voltages, and if a marginal component 
In midi a circuit is being sought, it is necessary to change the voltage 
on i lie circuits of this type by an amount which is greater than the 

• liMiigc which is allowed to appear on the other circuits. If the voltage 

• linnge iH the same on all types of circuits, errors will be created in the 
"ilc i circuits before an indication of the marginal component is obtained. 

M'mi, because of the signals transmitted between individual circuits, 
H l* possible that the induced errors will occur in the wrong place. For 
m Mmple, consider two flip-flops, A and B, where the input signal to B is 
i-bi Mined from the output signal of A. Assume that A contains a mar- 


IPmmI component. It could happen that if the anode voltage on both flip- 
Hh|, were reduced, A would continue to change state back and forth as 
u , |i , iinl but with an output signal so reduced in amplitude that the B 
Mlp flop would not function. 

* h» Inpie ol intermittent or randomly occurring errors has been the 
Mh)i»i 1 ul much attention in the field of digital computers. Many such 
i '.hi mic caused by nothing more than poorly soldered connections, but 
i" m( I if i cases they are caused by components with parameters that have 
mI*mi• ri'iI so much that very small instabilities will cause the circuit to 
lii'H linn properly at some times or with certain combinations of signals 
IllH lint nl ol her times. The source of such intermittent errors can be 
i^Imiim In difficult to locate, particularly if the errors occur only rarely, 
If!*haul (lie aid of marginal checking facilities. However, in principle 
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the situation is the result of nothing more than a marginal component 
in a slightly more advanced stage of deterioration, and the same mar¬ 
ginal checking techniques apply. 

The Organization of Digital Computers and Other Digital Ma¬ 
chines. As was implied in the discussion earlier in the chapter, a digital 
computer consists of three major portions—the input-output devices, the 
arithmetic and control circuits, and the digital storage equipment. The 
ways by which these three portions can be organized and interconnected 
to provide useful computers and other digital machines are numerous 
and varied almost beyond imagination, but for many of the more widely 
used computers the basic interconnections between the three portions 
are as illustrated in Fig. 1-2. The input devices transform the source infor- 



Fig. 1-2. A basic form of computer organization. 


mation into binary signals of the type used in the remainder of the com¬ 
puter, and these signals are transmitted from the input devices to the 
storage equipment where the information is retained until needed by 
the arithmetic and control unit. Generally speaking, the information j 
entered into the computer from the input devices is of two categories 
from the standpoint of the purpose of the information, although the 
binary signals used to represent the information are exactly the same 
in terms of amplitude, pulse repetition rate, and other electrical char¬ 
acteristics. In one category the information is the data which is to un¬ 
dergo transformations, the transformation usually being in the form of 
arithmetic operations (but with frequent exceptions). In the other cate¬ 
gory the information is called the program , and it represents in a suitable 
binary code the particular operations (of the ones that the computer is 
capable of performing) that are to be performed on the various specific 

items of data. # > j 

Ordinarily, the information does not flow in a continuous fashion from 

the input devices into storage. Instead, the binary digits are transmitted 

in groups with a fixed number of digits in each group; the usual desig- 
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nation for a group is “word.” In the case of data, a word usually implies 
nnc item of data such as one number representing the numerical value 
nl some quantity; or the item of data may be in the form of a group 
nl alphabetic characters with each character represented in a binary 
code of some sort. In the case of the program, a word usually corre- 
< ponds to one “instruction,” where an instruction in one of its simpler 
I onus specifies one operation such as “multiply” and a designation of 
which items of data are to be the factors in the multiplication operation. 
\rtually, the grouping of the binary digits may be such that many 
\\mii|h arc transmitted from the input device to storage in rapid sequence 
without pause, but a discussion of the possible variations in procedure 
wuuld be beyond present purposes. 

M ler the initial entry of a suitable amount of data and program in- 
Imi million into storage, the computer may start its computing process. 
In many computer designs, the computing process consists of a sequence 

• •I cycles where each cycle has two major parts, called the “instruction” 
and "execute” parts of the cycle. During the instruction part of the 

• vi lr, one word representing an instruction is transmitted from storage 
Inin I lie arithmetic and control circuits. Then during the execute part 
of ll ic cycle, one word representing an item of data is transmitted from 
«imMgr to the arithmetic and control circuits, the determination of which 
wold being under the control of certain of the binary digits in the in- 
•'i Mid ion word. Certain other of the binary digits in the instruction word 

• li ii'imlc the operation to be performed, and this operation is “executed” 
dining I he execute part of the cycle. Normally, the result of the operation 
H'lnuiim in the arithmetic and control circuits after the end of the cycle. 
In hi» iiio cases the operation consists of transmitting the result of the 
previous operation from the arithmetic and control circuits to storage. 
In inch cases the instruction specifies the location in storage in which 
Hu result is to be stored. If the problem requires it, the results may be 

• • ini ned (o the arithmetic and control circuits for further arithmetic or 
nl In i operations by subsequent instructions. 

An er I he computations have been completed, the words representing 
Hu Ilnid computed results are transmitted from storage to one of the 
IMil pul devices. With some types of problems and with some computer 
d»iH,fti* it in possible for the input devices, the arithmetic and control 
••li• nils, and the output devices to be kept busy simultaneously. 

\ slightly more detailed block diagram of a digital computer organ¬ 
ised idling conventional lines is shown in Fig. 1-3 and provides a better 
Hhi..t ration of how a computer functions in solving a mathematical 
I'l'ihli ni Tlio solid lines in the figure indicate the flow of information, 
while Information can imply data, instructions, or computed results. 




28 Digital Computer Components and Circuits 



Units Units 

Fig. 1-3. Typical computer organization. 

The dotted lines indicate the paths for control signals. The various 
input-output devices are shown as being connected through a “buffer” 

storage unit to the main digital storage array. 

The buffer storage unit may consist of only one storage register, where 

a register generally consists of a storage device employing flip-flops or 
similar circuits in a quantity sufficient to hold one word. On the other 
hand, the buffer may have enough storage capacity to hold a block of 
several words. A major purpose of the buffer is to allow the computer to 
proceed with its computations while other words not involved in the com¬ 
putations at the time are simultaneously being transmitted to or from 

the storage device. 

The need for a buffer is a result of the fact that the input-output de¬ 
vices usually involve mechanically moving parts which are generally much 
slower than the electronic speeds of the main storage unit and of the 
arithmetic and control circuits. Information can be transmitted between 
the buffer and the input-output units at relatively slow speeds,, but when 
transmission between the buffer and the main storage unit is desired, 
this transmission may take place at the high electronic speed of the 

computer itself. . 

One variation of the buffer arrangement worth mentioning is that each 

input-output device or each type of input-output device (in case there 
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arc two or more magnetic tape units, for example) may be provided with 
iIm own separate buffer storage unit which matches the characteristics of 

I lie dovice. Another variation that has been employed in some computers 
Ik to use one of the registers found in the arithmetic circuits as a sort of 
a buffer. In this case the buffer serves only the function of matching the 

I I auHtuission characteristics of the input-output device and the main 
» Image unit, and although the amount of equipment required is reduced 
In m minimum, the system is less flexible and a lower over-all computing 
•peed is provided. 

The storage unit in Fig. 1-3 may be visualized as consisting of the 
blurt labeled digital storage plus the block labeled address register. 
In I lie operation of the storage unit, a number (usually a part of a word) 

I entered into the address register. The address register controls the 

• i'Mless selection system of the storage array itself in a manner such 
HimI one particular location or “address” is “selected.” Then if a word is 
linn milled to the storage array, either from the buffer storage or from 
lb* arithmetic circuits, this word becomes stored at the address corre¬ 
sponding to the number in the address register. Similarly, if a word is 
han milled from the storage array, either to the buffer storage or to the 
•mi lime! ic circuits, the word that is selected is the one which had been 
pH vinunly stored at the designated address. The nature of the selection 

• 11 e 111 1 a is very much a function of the type of storage components in 
u * and these will be discussed in later chapters. Here, it will only be 
lia'itl miied that in the case of a magnetic core storage unit, for example, 
Mu selection is accomplished by passing current through wires that 
ib. in l iven pass through certain rows and columns of cores. In the case 

• •I nini-ne!ic drum storage, some of the binary digits in the coded form 
nl Hie number representing the address control the selection of the mag¬ 
ma i« bead to be actuated, while other binary digits in this number con¬ 
i'"! liming circuits that select the time during which the magnetic head 
!• In he actuated. 

I be control circuits of most digital computers include two fundamen- 
m.IIn important registers besides a large quantity of miscellaneous other 
Hi cm IIm In Fig. 1-3 these registers are designated operation-address 
hm in and instruction counter. The purpose of these registers will 
la • spi lined by giving a somewhat more detailed description of a cycle 
id i.pern!ion. The purpose of the instruction counter is to control the 
npiinhuim being performed by the computer and to keep track of the 
hi'( in m e of those operations. At the beginning of the instruction part 
id ib. cycle, I ho number in the instruction counter is transmitted to the 
Mibbi ik register, with the result that the word obtained from storage is 
Hm line al tho address corresponding to the number in the instruction 
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counter. The word performs the function of an instruction, and during 
the instruction part of the cycle this word is transmitted from storage to 
the operation-address register. The operation-address register is shown 
in two parts. Some of the binary digits in the word correspond to an 
operation and are entered into the operation part of the register; other 
binary digits of this word represent an address and are correspondingly 
entered into the address part of the register. Then at the beginning of 
the execute part of the cycle, the number in the address part of the reg¬ 
ister is transmitted to the address register for the control of the main 
storage unit. At this same time the operation part of the word in the 
operation-address register actuates various control circuits to prepare 
the required parts of the machine to perform the operation indicated 
by the combination of binary digits (in a suitable code) in the operation 
part of the instruction. During the execute part of the cycle a word is 
transmitted from the address in storage that is designated by the number 
now in the address register, and this word is transmitted to the arithmetic 
circuits where the operation called for by the operation part of the in¬ 
struction is performed. 

At the completion of the cycle the number in the instruction counter 
is increased by 1 (which indicates the reason for calling this particular 
register a “counter”) so that during the next successive cycle the instruc¬ 
tion is taken from the next higher numbered address in storage. 

The cycle as described applies to all of the basic arithmetic operations, 
but in most computers an instruction may call into play any one of sev¬ 
eral types of operations or computer responses which differ quite mark¬ 
edly from an arithmetic operation. One of the more important of these 
other computer responses is commonly called a “jump,” and the instruc¬ 
tion which causes this response is called a “jump instruction.” If a jump 
is called for by the operation part of the instruction, the storage array 
is not called into action during the execute part of the cycle. Instead, 
the number in the address part of the operation-address register is trans¬ 
mitted from this register to the instruction counter, where it replaces the 
number there previously. Therefore, the effect of the jump instruction 
is to cause the computer to interrupt the process of obtaining successive 
instructions from successively higher numbered addresses in storage and 
to “jump” to some other address for the next instruction. After this 
cycle the computer returns to the process of taking successive instruc¬ 
tions from successively higher numbered addresses, but the continuation 
will be from the address to which the jump was made. “Branch” and 
“transfer” are terms which have been used instead of “jump.” 

The jump instructions are particularly powerful and important be¬ 
cause the jump can be made conditional on the status of various factors 
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existing in the computer at the time. The sign of a number stored in a 
M’giHt er in the arithmetic circuits is commonly used as one of these fac¬ 
tors, This feature is useful because the sequence of instructions which 
I he computer is to follow can then be made dependent upon the nature 
n! I Ik* results obtained at intermediate points in the computations. 

The instructions which pertain to the input-output devices are also 
important, and the functioning of the computer during the execute part 
ol I he cycle may be considerably different from the functioning for an 
milhmctic operation. For an example, a certain code combination of 

• h|»ilM in the operation part of an instruction might have the meaning 
lhnl a particular card should be sensed by the card reader and that 
lIn Information sensed should be sent to the storage unit. In this exam- 
ph I ho number in the address part of the instruction would probably 
" rvo tut the designation of the address that the first word from the card 
l« In be stored, successive words from the same card being stored at 
Min i oMsively higher numbered addresses. Since several words are involved 
(up In as many as can be recorded in a punched card), an instruction of 
H»i i lype would require that the execute part of the cycle be -repeated 
several times to provide for the transmission of all of the words. The 

• h lull* in the steps involved in the execution of an instruction of this 
IV|ii* would depend on whether the information from the card had al- 
n hi ly been transmitted to buffer storage, whether the operation was to 
I'i* Interleaved with other operations, and many other factors. The block 
illni'.inm in Fig. 1-3 is not sufficiently detailed to illustrate all of the 
»!• p« In be followed in the execution of such an instruction, but the use 
id •* mall amount of imagination will reveal that there are many varia- 

• in I he way that the computer could be organized to produce the 
ih Mheil results, each variation being based on extensions of the general 
|ii liielpleH which have been outlined. 

I le need for control signals from the control circuits to all other parts 
n( •« enmputer, as indicated in the lower-right portion of Fig. 1-3 should 
In ii uMonnbly apparent; but the need for control signals from the other 
|Ml• l 1 nl I In* computer to the control circuits deserves a brief discussion. 

I ..njor source of information for the control circuits is the operation 

(Hnl of I lie operation-address register, as has already been explained, 
flow ever, in spile of the fact that it is basically the instructions that 
III* 11* lie I he operations to be performed, signals derived from other 
••♦'ill. can be used to modify the instructions in many different ways. 
Him example was discussed in connection with the conditional jump in- 
•I i nil Ion In (bis case, a signal indicating the sign of a number was 

I Mi I from (lie arithmetic circuits to the control circuits to cause the 

jump (o occur or not occur. Another example might be the use of error 
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signals. When a malfunctioning is detected in any unit, a signal from 
that unit could be passed to the control circuits to initiate some computer 
response. The simplest such response would be to stop the computer, but 
it is also possible to use the error signal to enter some predetermined 
number in the instruction counter. In this way it is possible to cause 
part of the program to be repeated or it is possible to cause an error- 
correction program of some sort to be started. The particular error-cor¬ 
rection program can be made a function of the source of the error. 

Still another application of the use of control signals from other parts 
of the computer is found in the various “interlock” signals needed for 
the input-output units. An example of this type would be the need for a 
signal to indicate that buffer storage is in the process of transmitting in¬ 
formation to or from one of the tape units. If an instruction happens to 
call for the use of buffer storage when this unit is already in use, the 
signal may be used to halt the computer temporarily until the buffer is 
free; or in some programs it may be possible to have the computer con¬ 
tinue with other work until the buffer is free. 

Other interlock signals are needed to indicate such things as the end 
of tape on a magnetic tape unit. In this case the signal to the control 
circuits might serve the purpose of automatically causing another tape 
unit to be used for the transmission of additional information to or from 
the tape unit. 

The preceding discussion about computer organization applies only 
to the so-called general-purpose type of digital computer. There are 
many types of digital computers and other digital machines in which the 
organization would be vastly different from that shown in Fig. 1-3. 

The digital differential analyzer is one such example. Several models 
of machines in this category are manufactured commercially. In the 
digital differential analyzer, the basic concept of the organization is to 
have a number of units of a relatively few different types (mostly one 
type, called an “integrator”) where the solution to the problem is ob¬ 
tained by means of the particular electrical connections that are made 
between the individual units. 

The various so-called “plug board” computers constitute another ex¬ 
ample of machines that are not organized along the lines indicated in 
Fig. 1-3. The IBM type 604 is a plug board machine that is programmed 
through the medium of patch cords inserted in the holes of a control 
panel to interconnect appropriate terminals. The Burroughs type E101 
is another plug board computer, but is organized quite differently, one 
major difference being that instead of patch cords, pins for closing con¬ 
tacts are inserted in the plug board. 

Many special-purpose machines could be cited as examples of organi- 
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Rations with varying degrees of difference from the one shown in Fig. 1-3. 
Such examples include machines for keeping a record of transportation 
or hotel reservations, for keeping a record of stock market bid-and-asked 
ipiolations, for special accounting problems, and for specific scientific 
problems. 

< >n the other hand, the general-purpose organization as illustrated in 
I ig. 1-3 has been found to be well adapted to a surprisingly wide variety 
o! applications other than the solving of miscellaneous mathematical 
problems. A tremendous variety of large-scale accounting problems 
would probably head the list of examples. Of course, many special fea¬ 
tures need to be incorporated in the basic organization to adapt the 
computer to accounting problems in a practical way, and some of these 
Im lures are by no means trivial. For one thing, it is desired that the 
computer be capable of handling alphabetic as well as numerical data. 
In principle, the inclusion of this feature involves little more than some 
rlnhorations in the binary coding scheme used in the machine, but in 
pi act ice it is found that numerous refinements must be made throughout 
Hu machine, particularly in the control circuits, to make use of the 
alphabet as needed in accounting. The computer organization in Fig. 1-3 
i also adaptable to accounting and other problems involving the large- 
• Mpncily random-access storage units that were mentioned in a previous 
• < I ion. In this case the digital storage unit in Fig. 1-3 becomes known 
•c "working storage,” and information is transmitted from working stor- 
i»M.c the random access storage in a fashion similar to the operation 
of 'in input-output unit. A further discussion of random access storage 
1« Included in Chapter 10. 

I hc computer organization of the type indicated in Fig. 1-3 has also 
hn ii applied to various “real time” problems. In a real time problem 
Ht» dnIn are from one or more sources that are recording current events, 
end 11 in desired that the computer make computations with sufficient 
m pi*lily In be able to provide signals for controlling the course of the 
cvciiIh in an effective manner. 

i hie example of a real time problem is air traffic control. In this, radar 
Mild other observation equipment is used to sense the location of all air- 
phi lies in the air in a given region. These data are sent to a computer 
which computes the velocities and directions of the airplanes and gener¬ 
ally Keeps track of their relative positions in a manner such that flight 
ln»l i iiclions can be given to provide an orderly flow* of air traffic. 

I'iim'cmh control is another example of a real time problem. This is one 
of II •e more recent applications of digital computers, and an oil refinery 
pmvldos a good instance of a, setting in which the concept of process 
Mold ml is applicable. In controlling the refining process, various tempera- 
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tures, pressures, chemical analyses, etc. are converted to digital repre¬ 
sentation and sent to a computer. At the computer this information is 
combined with other information, such as market data concerning the 
current prices of the various end products, and the output of the com¬ 
puter is used to set various valves and other controlling instruments for 
the optimum operation of the refinery. 

Flight simulation for pilot training is another example of a real time 
problem to which digital computers have been applied. In this case the 
pilot is provided with a set of controls and instruments that duplicate 
those found in an aircraft of a given type. As the pilot operates the con¬ 
trols, signals are converted to digital representation and sent to a com¬ 
puter which computes the response that would be obtained from an air¬ 
craft of the given type. The digital signals representing this response are 
then converted to analog representation for actuating the indicating in¬ 
struments so that the pilot can “fly” the simulator for practice. 

The Arithmetic Operations. Since the very term “computer” carries the 
connotation that the major purpose of the machine is to perform compu¬ 
tations, it might seem that the circuits and components needed to execute 
the four basic arithmetic operations—add, subtract, multiply, and di¬ 
vide—would play a dominant role in the design and organization of a 
computer. Also, it might seem that these operations would be so different 
from the various other functions to take place in the machine that spe¬ 
cial circuits and components would have to be developed for the efficient 
performance of the arithmetic operations. However, it turns out that in 
many computers, particularly computers in which the digits are handled 
one at a time (serially), the equipment which accomplishes the actual 
arithmetic processes is a trivial portion of the computer as a whole. In 
fact, in some large-scale computers the arithmetic circuits consist of 
literally no more than three or four tubes and perhaps two dozen diodes, 
whereas several thousand tubes and diodes are used in the machine as 
a whole. Of course, a substantial quantity of control circuits are included 
to cause the proper flow of numbers through the purely arithmetic cir¬ 
cuits, but it is more apparent that these control circuits are not different 
in principle from other control circuits that may be in the computer. 
Further, it turns out that even the arithmetic circuits themselves can 
comprise the same components and circuit designs that are used for the 
controls. The building block concept which has become of fundamental 
importance in the design of components and circuits for the arithmetic 
and control portion of a computer is a result of this situation. 

The correlation between the arithmetic operations and the building 
blocks will be illustrated as follows. In the author’s Arithmetic Opera¬ 
tions in Digital Computers, some fifteen block diagrams are presented 
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showing various schemes by which parallel (i.e., all digits of a word are 
transmitted simultaneously) binary addition, for example, can be accom¬ 
plished. In Chapters 3, 4, and 5 of the present book, about twenty dif¬ 
ferent sets of building blocks are described that employ vacuum tubes, 
transistors, or magnetic cores. In principle, it is possible to develop a 
pnrallel binary adding device by adapting any one of the sets of building 
blocks to any one of the block diagrams, with the result that approxi¬ 
mately 300 different parallel binary addition circuits can be devised. 
\\ ben variations in the block diagrams and variations in the building 
blocks are considered, the number of different adder arrangements is 
I on ml to be at least in the thousands. Most of the arrangements arrived 
mI in a direct fashion by inserting the building blocks in the block dia- 
1 'i/iniH would be disadvantageous for one reason or another, and in many 
ciine* the insertion could be made only in sort of a far-fetched manner. 

I ’nr arriving at practical and economical adder circuits it is generally 
more satisfactory to view the block diagrams only as guides and sources 
• •I ideas for finding efficient assemblages of the building blocks that have 
bn n chosen. Examples to illustrate this point are found in Figs. 4-15(e) 
ami 10-3 of this book. The circuits in each of these two figures are full 
adders for use in parallel binary addition applications in the manner 
nl I he block diagrams in Figs. 4-1 and 4-2 of Arithmetic Operations , but 
"iih ideas that are found in some of the other block diagrams. Transis- 
ini and cryotrons are the basic components used in the circuits of Figs. 
I 15(e) and 10-3, respectively, and it may be observed that the exact 
mi i n 11 gelilent of the building blocks is affected significantly by the char- 
ad • duties of the components. The general procedures to be followed in 
lull iconnecting the building blocks of a set are outlined along with the 
di m i iplinn of each set. However, in the present state of the art, much is 
Id I to the ingenuity of the designer. 


Chapter 2 


___ # 

DIODE SWITCHING CIRCUITS 


Although the designers of the earlier electronic digital computers were 
apparently not aware of the usefulness of the simple diode in computer 
circuits, one of the most effective methods of forming the basic and and 
or functions is by means of diodes. The term “switching circuits” has 
often been applied to diode applications of this type because of the early 
use of electromechanical relays in circuits of the and and or category. 
“Switching” is a well-established term applied to the opening and closing 
of an electric circuit as accomplished by the contacts on a relay. Relays 
are still widely used in applications of this type, although the emphasis 
in this book will be on electronic rather than electromechanical compo¬ 
nents. As was mentioned in Chapter 1, the term, “logical” is also used 
in applications of this type. Some individuals or groups may prefer spe¬ 
cial interpretations, but “switching circuits,” “logical circuits,” and “log¬ 
ical switching circuits” are all substantially synonymous and refer to 
circuits which operate on binary signals. A further discussion of the 
relative merits of the various terms in specific applications is found near 
the beginning of Chapter 3. 

Diodes are “passive” components in that they have no ability to am¬ 
plify signals and for this reason must be used in conjunction with other 
components such as tubes, transistors, or magnetic cores when designing 
a computer as a whole. The schemes by which diodes are combined with 
these other components vary widely from one set of circuits to the next, 
but there are certain underlying principles of diode switching that apply 
in at least a vague fashion in all types of applications. These principles 
are the topic of this chapter. Chapters 3, 4, and 5 contain information 
on how the diodes may be combined with the other types of components 
when forming complete systems of circuit logic. 


The term “diode” as used here is substantially synonymous with “rec- 
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tifier”—that is, a two-terminal device which allows current to flow 
through it freely in one direction but presents a high impedance to the 
How of current in the opposite direction. The most commonly used types 
of diodes are the vacuum diode, which contains an anode with a therm¬ 
ionic cathode, and the semiconductor diode, which contains as its major 
constituent a small piece of germanium or silicon. In the vacuum diode 
I lie rectifying action arises from the fact that electrons can escape from 
I he cathode as a result of its high temperature but cannot escape from the 
anode. The rectifying action in the semiconductor diode occurs at the 
boundary of two regions having different types of impurities. Actu- 
ally, the diode need not be a rectifier in the ordinary sense; any non¬ 
linear two-terminal device can be adapted to logical switching operations, 
i hie nonlinear device which is not normally termed a rectifier but which 
bus received serious consideration for switching applications is the cold- 
ealliode gas diode. With this device the current remains substantially 
*oro us the applied voltage is increased until a certain “striking voltage” 

coached; at this voltage a cold-cathode glow is initiated which allows 
Mio current to increase rapidly with only small further increases in ap¬ 
plied voltage. 

The Basic “And” and “Or” Circuits. An and circuit is a circuit having 
I wo or more inputs and one output where the signals applied to the in- 
I»iH h are of a binary nature and where the output signal is a certain 
binary function of the input signals. An explanation of the function re- 
MtihcM a brief definition of binary signal. A binary signal is any manifes¬ 
t'd inn, usually an electrical voltage, having two different possible states, 
one of which may be used to represent a 0 and the other a 1. In another 
terminology frequently encountered, the signal is either present or not 
/■m hi nt, The presence or absence of a signal corresponds to a 1 or a 0, 
l' poclivcly. With either terminology, the and function is obtained from 
i\ device which produces an output signal of value 1 if all of the input 
Ii iimIm are 1. A word picture which explains the source of the term a 
little better is to say that for three inputs, A, B, and C , for example, the 
Hutpuit is 1 when input signals of value 1 are applied to A and B and C. 
\i» \ n i) circuit is sometimes called a “coincidence circuit” because the 
nut pul is I upon the coincidence of Ts on all of the input lines. Gate is 
mml her term which has been employed in certain applications which will 
Ini described in more detail later. 

The nit circuit is analogous to the and circuit with the difference that 
Hi" mil pul signal is 1 if at least one of the input signals is one. The de- 
•uuiplive word picture for the case of three inputs is that the output is 1 
w In n mi input signal of value 1 is applied to A or B or C (or to any two 
ni all three of the inputs). 


I 
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A diode and circuit is shown in Fig. 2-1 (a) where it is assumed that 
the input lines A, B, and C are each held at one of two potentials, Us and 
O’s being represented by the relatively positive and negative values of 
potential, respectively. The conventional symbols for semiconductor di¬ 
odes have been indicated, the diode being in the low-resistance condition 

when the terminal represented by a triangle is more positive than the 

terminal represented by a bar. The 





E_ 


supply voltage to which the resistor 
R in the figure is returned should 
be more positive than either of the 
two signal potentials. If the signal 
potentials are E 1 and E 0 for repre¬ 
senting a 1 or a 0, respectively, and 
if E + is the supply potential, the 
relationship between them can be 
expressed as E+ > Ei > E 0 , where 
the symbol > for “greater than” 



(b) means “more positive than” in this 


Fig. 2-1. Diode and and or circuits. case. Under the assumption that 


the diodes are ideal diodes with a 


zero forward resistance and an infinite back resistance it may be observed 


from the circuit that the output potential will be held at E 0 if any one or 
more of the input potentials is at E 0 . If, for example, A is at E 0 and B 
and C are at Fi, current will flow through the resistor and diode D i to 
input line A , and because of the assumed zero forward resistance of the 
diodes, there will be no voltage drop across D\. Diodes D 2 and D 3 will 
be connected in the reverse direction when this combination of input 
signals is applied, and no current will flow through them. The output 
potential will rise to E± only when all three of the input lines are at E i 
In principle, R may have any value; but when load impedance, input 
power requirements, nonideal diodes, and other factors are considered, 
the range of satisfactory values for R is more limited. These factors will 
be treated individually in later sections. 

The or circuit is shown in Fig. 2-1 (b) and is similar to the and circuit 
except that the connections to the diodes are reversed and R is returned 
to a supply potential of E- } which is more negative than E o. In this 
case the output potential w T ill be at E o when all of the input potentials 
are at E 0 but will rise to E i when any one or more of the input lines is 
at Ei. For example, if A and C are at E i, current will flow through D\ or 
Z) 3 , or both, and then through R to Z£_. There will be no voltage drop 
across Di or D 8 because they are connected in the forward direction. 
Diode D 2 will be connected in the reverse direction, and no current wili 
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flow through it. As with the and circuit, R may have any value in prin¬ 
ciple. 

If the convention about the representation of Us and O’s is reversed— 
Unit is, if they are represented by relatively negative and and positive 
potentials, respectively—the roles of the and and or circuits are inter¬ 
changed. The characteristics of the diode switching circuits themselves 
are of no consequence in the choice of the representation, but when the 
relationships of the diode circuits to tubes, transistors, and other com¬ 
ponents are considered, one convention is sometimes found to be more 
convenient than the other. Both conventions have been used. For this 
reason the circuit of Fig. 2-1 (a), for example, is sometimes specified as 
n “positive and” circuit or a “negative or” circuit in accordance with 
whether a 1 is represented by a relatively positive or negative potential, 
respectively. 

The Design of Two-Level Diode Switching Circuits (Ideal Diodes). 

In most applications the switching functions to be performed involve a 

combination of and and or circuits, and it is necessary to use the output 

n! one switching circuit as the input for another. The circuit is said to 

tinve more than one “level” of switching in this case, and certain design 

problems are encountered that are not found 

In ningle and or or circuits. In illustrating the 

ilcMign of diode switching circuits the proce- I 

ilmc will be to consider only the direct current >/? 2 

hi c) switching conditions with ideal diodes < 

itl llrst. It will be assumed that the signals are * 


nil ul' a steady-state nature; that is, d-c signals —0^— 

representing O’s and Us will be applied to the B 1 

MV 

Input lines and will remain at the potential U + 

representing a 1 or a 0, as required, as long as <> , — 

the Input signals are applied. Further, it will <> 2 

In assumed that the load which the final out- 1 

pul must drive has an infinite impedance and c r^i 

ill m\n no current from the switch. In later sec- o I 1 

linns the simplifying assumptions will be re- <> 

limved, one at a time, to indicate their effects 

In more realistic design problems. | 

< 'onsider the circuit in Fig. 2-2, which shows e_ 

Um. and circuits feeding the two inputs to an Fiq 2 2 Tw0 _ level diode 

.limit. In this case the output is 1 if A and switching circuit. 

II urn I or if C and D are 1. As before, the 

•or on I pot entials representing a I or a 0 are E\ and E 0 where E + > E\ > 
I „ it .. The object of the design problem is to find values for the 


E_ 

Fig. 2-2. Two-level diode 
switching circuit. 
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various resistances in the circuit which will allow the output voltage to 
swing between E 0 and E i as it should under the various combinations of 
input signals that might be applied. It may be visualized that the sources 
of input signals to lines A, B, C, and D are batteries with terminal poten¬ 
tials of E o or E i. In general, switching circuits are designed by starting at 
the load end of the array and working back towards the inputs. The first 
step, then, is to choose a value for R v When all of the input signals are 
at E 0 it is necessary for the current through Rx to be sufficient to bring 
the potential of the output line down to E 0 or more negative, and the 
output potential must drop within the required amount of time for the 
application under consideration. The maximum allowable value for Ri 
therefore depends on the impedance of the load, but if the load is assumed 
to have infinite impedance, Rx may have any value. 

There are some requirements on the resistance values chosen for R 2 
in this two-level switching circuit, however, even with all of the simplify¬ 
ing assumptions. Consider the potential, E X1 at point X in the circuit. 
E x must rise to Ex whenever A = B = 1, that is, whenever potential Ex 
is applied to inputs A and B. If inputs A and B are disconnected from 
their source of input signals and if C and D are held at E 0 , it may be 
observed that E x must be equal to or more positive than Ex for the 
switching circuit to function properly. If E x is less positive than Ex, 
diodes D s and D 4 will be in the reverse direction when the input lines A 
and B are reconnected to potential E ly and the output potential from 
the switching network will fail to rise to Ex. For the output potential to 
be pulled up to Ex it is easy to show from Ohm’s law that the following 
relationship must exist between R x and R 2 : 

r 2 < eIIe! Ri (1) 

Note that there are two resistors labeled R 2 in the figure. They have been 
given the same identification symbol because the requirements on them 
are the same and because the subscript can be related to the level in the 
switching network. The current for raising the output potential must pass 
through the R 2 in the and circuit containing diodes D 5 and D G when 
C = D = 1, with A or B equal to 0. If any or all of the and and or circuits 
in Fig. 2-2 have three or more inputs, the same relationship must exist 
between Rx and each R 2 . 

The case of or circuits feeding an and circuit is treated in the same 
manner. 

The Design of Three-Level Diode Switching Circuits (Ideal Di¬ 
odes). A three-level oii-and-or circuit is shown in Fig. 2-3(a). R\ and R 2 
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may be selected by the same criteria employed in the two-level circuit, 
which means that Rx may have any value under the assumption of an 
infinite load impedance, and R 2 must obey equation (1). To determine 
consider E y , the potential at point Y in the figure. The resistance of 
must be low enough for current through it to be capable of pulling 
E u to a potential equal to or more negative than E 0 under all combina- 
I Ions of input signals where the output potential should be E 0 . 



Fig. 2-3. Three-level diode switching circuit. 


I'Im' combination which imposes the most stringent requirements on 
Itn (Ilie so-called “worst case”) is when A=B = E = F = 0 and C = 
It (J 11 = 1. Actually it would be sufficient to have C and G equal 
In I with the rest of the inputs equal to 0. Note that having A and B 
M|iiul In 0 with all of the other inputs equal to 1 is not the worst case, 
• iiiihc* I lie nature of this particular switching function dictates that the 
Him I output signal be 1 instead of 0 with this combination of input sig- 
tml t In I hr worst case condition the R G s corresponding to diodes Z> 4 and 
/>., miv effectively out of the circuit, as may be observed from the fact 
llmi Iliene particular diodes have voltages across them in the reverse 
direction, mo that they act like open circuits. 
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An equivalent circuit for the network in the worst case is shown in 
Fig. 2-3 (b), where the two 22 3 ’s are the ones corresponding to diodes D 3 
and D 5 . With the specification that the output potential must be pulled 
down to E 0 or more negative, it can be shown from the equivalent circuit 
that R 3 must bear the following relationship to R 2 and 22i, the values of 
which have been determined previously: 


22 , ^ 


( 2R\R 2 (Eq — E —) 


2R\ (E. 


E 0 ) 


R2 (Ei 


E-.) 


( 2 ) 


The maximum permissible value of R 3 is obtained when the maxftnum 
permissible value of R 2 has been chosen through use of equation (1) with 
the equality sign. Under this condition for R 2 , the relationship between 
R 3 and Ri alone is 
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The number of inputs to the various and and or circuits corresponding to 
the various R 2 s and R 3 s is of no consequence in determining the resist¬ 
ance values, but the number of inputs to the last level or circuit cor¬ 
responding to 22 1 is of consequence. If the number of inputs to this circuit 
is N, the equation for determining R 3 is 
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NR x R 2 (Eo - EJ) 


NRi (E+ — Eo) — R 2 (Eq — E— ) 
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which reduces to 
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when N is infinite. 

The Design of Four-Level Diode Switching Circuits (Ideal 
Diodes). The analysis may be extended in a similar manner to the four- 
level and-or-and-or circuit shown in Fig. 2-4(a). The current through 22 4 
must be capable of pulling E Zj the potential at point Z (the junction of 
diodes D 1} D 15 , and D i 6 ), to E x or more positive under all combinations 
of input signals that should cause the final output signal to be at 2?i. The 
worst case in this network is when A = B — E = F= 1 and all of the 
other input signals are 0. From an inspection of the circuit it may be 
observed that 22 4 must bear the same relationship to R 3 that R 2 does to 
22i. The equation is therefore 


Ri < 


E 


E 1 


Ei — 2 ?_ 


R 


( 6 ) 
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Fig. 2-4. Four-level diode switching circuit. 


Aihmlly, Ibis relationship is accurate only when the maximum value of 
U Inin been chosen. If R 2 has less resistance than necessary, the resist- 
Ulici u( /r, may be increased slightly because R 2 will then aid in pulling 
((, i vi* by supplying some of the current through R 3 . The equivalent 
im• <ill I’nr Mie four-level network is shown in Fig. 2-4(b). It turns out 
IImi Mm validity of equation (6) does not depend on the number of in- 
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puts to any of the and or or circuits in the array. If the number of inputs 
to the and circuit corresponding to R 2 is increased to three or more, the 
number of Rs s and R± s is increased proportionately in the equivalent 
circuit, but the relationship between them remains the same. 

Circuits with More Than Four Levels. An extension of this design 
procedure to diode switching circuits with more than four levels is pos¬ 
sible. However, when the simplifying assumptions are removed and when 
safety tolerances and other practical considerations are included, an 
upper limit to the number of usable levels is reached very quickly. In 
fact, in most computer circuit systems the number of levels in a single 
diode network has been limited to two or three. The difficulty is that 
when proceeding from the output back to the input in the design, each 
resistor must draw current which overcomes the effects of the previous 
resistor. As a consequence, the maximum allowable resistance values de¬ 
crease rapidly with increasing number of levels, and excessive currents 
must be supplied by the input signals. 

Nevertheless, in the simplified ideal case R s , for example, need not 
necessarily be less than R lt From equation (3) it may be observed that 
in the case for which the equation applies the maximum allowable value 
of R 3 approaches 2R X when the difference between the signal levels Eh 
and E 0 is made very small. 

“And-to-And” and “Or-to-Or” Circuits. The design problems en¬ 
countered in the design of multilevel circuits where the and and or func¬ 
tions alternate in successive levels are not encountered when an and 
circuit drives another and circuit or when an or circuit drives another or 
circuit. By a trivial rearrangement of the switching function each and- 
to-AND circuit or OR-to-OR circuit can be transformed to a single level of 
an and circuit or an or circuit as the case may be. An example is shown 



(a) (b) (c) 

Fig. 2-5. AND-to-AND circuits. 
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iii Fig. 2-5 for the AND-to-AND case; since each input signal to the two 
and switches in the first level must be 1 for the output to be 1, the 
»«wiIdling function is the same as for a single four-input circuit. OR-to-OR 
circuits may be combined in a similar manner. 

If, for some reason it is desired to obtain separate output signals from 
Mich individual and circuit as indicated if Fig. 2-5 (c), the combining of 
I In levels is not possible; but even then each circuit may be designed 
independently of the others. It is necessary, however, that each input 
nininl be capable of supplying the current drawn by the resistor in each 
level. 

The Effect of Finite Back Resistance. If it is assumed that each diode 

t 

lui - a Unite back resistance, R b , certain modifications in the design proce¬ 
dure are necessary for choosing resistance values in the switching circuits 
«n Hint the output signal may swing between the limits of E 0 and E i 
n II limit a loss in amplitude. For the single and or or circuit of Fig. 2-1, 
H u 1 11 is no effect on the choice of R , but the extra load on the input lines 
imiihI be considered. In the or circuit, for example, when A is 1 and B and 
( urn both equal to 0, current will flow from A through 


(In buck resistance of diodes D 2 and D 3 to B and C, and 
i In driving circuits must be capable of handling this cur- 

nmt. 

I'lie effect of R b in the design of the two-level circuit of 
Mil a-2 is more pronounced. For determining the appro- 
|h hde value of R 2 it may be assumed that A and B are 1, 
i mid I) being 0. For E x to be pulled to E\ or more posi- 
M'e, the fact that current can flow through the R b of 
diode l) 2 must be considered. An equivalent circuit is 
nIhiwii in Fig. 2-6 where the R b is indicated as being re¬ 
lumed to a supply potential of E 0 - A simple way to view 
Hm nit nation is to observe that a resistance of R b {E i — 






I I /[Ei — E 0 ) connected in parallel with R 1 would have c i rcu it. 

(lie Mimic effect at an output potential of Ei as R b con- 

.led us shown. With N inputs to the or circuit of Fig. 2-2, where N may 

I* i*rent er than 2, the effective resistance in parallel with R i is 


■£1 

Fig. 2-6. In¬ 
cluding R b in 
the two-level 
circuit. 


R 


(E. 


Ei — 

- E 0 )(N - 1) 


I'li|iifition (I) may still be used to find the maximum permissible value 
id /.*hul A, in the equation should be replaced by the equivalent resist¬ 
ance obtained by this parallel combination. 

An nllernative procedure for calculating R 2 is to employ Thevenin’s 
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theorem. Thevenin’s theorem states that a network of impedances and 
supply voltages supplying a load impedance can be replaced by a single 
impedance and supply voltage where the single impedance is the net 
impedance of the network with all the voltages reduced to zero and where 
the single voltage is the voltage at the load terminal when the connection 
to the load is opened. In this example, R\ and R b would be replaced by 
their Thevenin equivalent, which would mean the parallel combination of 
the two resistances, i.e., R 1 R b /(R 1 -b R b ) for the single impedance and 
R- + (E o — E-)R\/{Ri + R b ) for the single voltage (or potential with 
respect to ground). These values would be used to replace Rx and FJ_, 
respectively, in equation (1). 

In the three-level circuit of Fig. 2-3 the back resistance of the diodes 

in the and switches in the middle level 
must be considered in determining R 3 . A 
“worst case” condition is encountered 
when A , B, E , and F are at E 0 and C, D, 
G, and H are at E In this case E y and 
the potential at corresponding points will 
tend to be pulled positive by the action 
of the current through the back resist¬ 
ance of diodes Z) 4 and D 6 . The equiva¬ 
lent circuit is shown in Fig. 2-7. The de¬ 
termination of R 3 may be made through 
the use of equation (2) by replacing R 2 
with a resistance which is equal to the 



Fig. 


2-7. Including R b in 
three-level circuit. 


the 


parallel combination of R 2 and an effec¬ 
tive equivalent resistance of R b {E + - E 0 )/(E - E 0 ). Although the num¬ 
ber of input lines to the or circuit corresponding to Ri was of consequence 
in determining R 2 , it need not be considered further in determining R 3 
once a value for R 2 has been selected. If, however, the number of inputs 
to the and switches in the middle level is M (where M may be greater 
than 2) the equivalent resistance to be placed in parallel with each R 2 is 


R 


E 


+ 


E 0 


C E ; 


E 0 )(M - 1) 


In cases where the and switches do not all have the same number of 
inputs, the largest M may be used. 

The effect of the back resistance of the diodes enters into the calcula¬ 
tions for R 4 in Fig. 2-4 in substantially the same manner as for R 2 . Note 
that even with diodes having a very low R b it is still possible to design a 
switching network for which there is no attenuation in voltage amplitude; 
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Hie output potential swing can be between the limits of E i and E 0) the 
swing on the input signals being between the same two limits. 

The Effect of Nonzero Forward Resistance. Although equations re¬ 
in! mg diode forward resistance to other circuit parameters may be 
derived for any specific situation, there are so many different situations 
MMil Hie criteria which may be used to evaluate them are so varied that 
Hu general usefulness of any such equations is questionable. Also, the 
equations developed at this point would not introduce any new design 
i mieepts and would have to be modified greatly when switching speed 
i considered. Consequently, the treatment of the subject will be limited 
In qualitative statements. 

The factor which introduces voltage attenuation in diode switching 
I'ln'iiil h is the fact that physically realizable diodes do not have a zero 
lorwurd resistance. The effect may be observed in the single-level circuits 
nl I ig. 2-1. Because of the forward resistance of the diodes the current 
i In 'High ( hem will result in a difference in potential between the input 
•mil mi!put lines. What is more important is that the amplitude of the 
rnung will be diminished because the current through the diodes will not 
llm Maine for the 0 and 1 conditions on the output line. It is difficult 
i" lain in a precise manner the amount of loss of amplitude, since dif- 
i• I* n! combinations of input signals which produce the same output 
nigh a I in terms of its being a 0 or a 1 will nevertheless create different 
• !!•«!m with regard to the forward resistance of the diodes. For example, 
In * In ni< circuit all of the current through R must pass through Di when 
I !'» I it in I (lie other two input signals are both 0. When all three of the 
mpni nig,mils are 1, the current may be distributed among the three di- 
imIi mid the potential difference between the input and output will be 
M'dtn nl Note that the back resistance must now be considered even for 
II" • •ingle-level switch, as may be observed by returning to the case 
HIii'ik I is I and the other two input signals are 0. The current which 
|in • <> through the back resistance of D 2 and D 3 will also pass through 
Hu ini ward resistance of Di and contribute to the voltage drop across 
lltln diode, 

! iiiidiii remarks about the diode forward resistance apply to the two- 
Ii*m I rlmiil of Fig. 2-2 and to circuits with more than two levels. There 
U mmi nr compensation in the difference in potential between the input 
Hid mil put signals from the fact that the potential shifts in a positive 
ih" i Hon when passing through an and circuit and in a negative direction 
UthHiidi mi ok circuit. There is no compensation for the attenuation in 
IIk signal swing, however. 

Aim!her elTee! of nonzero forward resistance is that “noise,” or spu- 
llmiu ' ignids, can be introduced into the circuit. With all three of the 
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input signals at E 0 in the single-level and circuit of Fig. 2-1 (a), for ex¬ 
ample, the output potential will be at a value determined by B and the 
parallel combination of the forward resistances of the three diodes. If 
input line A is raised to potential E u there will be an increase m the out¬ 
put potential because now the current can pass through only two o e 
diode forward resistances in parallel. Also, any current through the back 
resistance of D 1 will tend to add to this potential change. Since the out¬ 
put potential should continue to represent a 0 with this combination of 
input signals, the change in potential is undesirable. The amount of 
change which can be tolerated depends on the circuits with which the 
switching network is used, but in general it should be held to a minimum 
through the choice of diodes with a low forward resistance and high back 

rGSist&iicG 

The Effect of Finite Load Resistance. When the assumption of an 
infinite impedance load is removed, the basic considerations in the de¬ 
sign of diode switching circuits are not altered materially, but of course 
the effects of the load must enter into the calculations. Only the resistive 
part of the load need be considered in determining circuit parameters 
that will be satisfactory for the steady-state switching conditions By 
Thevenin’s theorem the resistive part of the load can be reduce o a 
single resistance returned to a single supply potential, E L If the circuit 
in the switching level next to the load is an or circuit and if El is more 
negative than E 0 , the load itself may be used for the Bi of this circuit. 
If E L is more positive than E 0 , there is a maximum usable value for K i 
which may be determined by a method analogous to the method given 
previously for the determination of R 2 . Now when determining Ba the 
Thevenin equivalent of the Bi in combination with the load should be 

used in place of R x alone. In cases where the load is not l™**? “ ore 
elaborate treatment may be necessary, particularly if the load displays 
a negative resistance characteristic, but the same general concepts will 

^ Considerations Related to Switching Speed. The basic concept of 
diode switching does not involve the use of capacitance or inductance at 
any point in the circuits, and with purely resistive circuits the response 
time would be infinitely fast. Although the inductances which are en¬ 
countered in practice may usually be neglected, the load capacitance, 
stray wiring capacitance, and diode interelectrode capacitance impose 

important limitations in switching speed. 

In order to facilitate the discussion of the effect of capacitance on 

switching speed it will again be assumed that the diodes are ideal m 

that they have infinite baok resistance and zero forward resistance, but 

the small amount of capacitance which exists between the two terminal! 
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of ( ‘ftch diode will be recognized. Fig. 2-8 shows a three-input and switch 
with each diode capacitance indicated as a capacitor across the corre- 
*1 lending diode and with the load capacitance and stray wiring capaci¬ 
tance lumped together as a single capacitor, Cl, connected between the 
output line and ground. If the signals on all 
three of the input lines are instantaneously 
changed from 0 to 1 at the same time, a 
positive pulse will be transmitted through 
r ,, C 2 , and C 3 to the output. The magnitude 
nl t his pulse will be less than the amplitude 
ol tin' input voltage change because of the 
voltage divider action created by Cl, which 
In in series with the parallel combination of 

and C 3 . Since C L may be (and usu¬ 
ally is) very much larger than the diode 
Interelcctrode capacitance, the initial rise 
In output potential may be only a small 
1 1 act ion of the rise needed to represent the jr IG 2-8. Capacitances affect- 
iM' truce of a 1 on the output line. If A and ing the speed of an and switch. 

H had been 1 initially, and if the signal 

It|i|>ll('<l to input C were suddenly changed from 0 to 1, it may be ob- 
,, r i vn| from the figure that Ci and C 2 would be in parallel with C L in 
i Un i, and that the initial rise in output potential would therefore be 
|iim ||,an before. In other words, the sequence of application of signals to 
Dai Input lines is important in determining switching speed. In general, the 
ili »lun must provide for the sequence imposing the most stringent limita- 

... which is usually encountered when the change in signal (from 0 to 1 

in from 1 to 0) on a single input line produces a change in the output 



When the output signal in the and circuit changes from 0 to 1, the 
hull nl the current needed to charge Cl must flow from E+ through R. 
\ a result of current through R, the potential of the output line will rise 
i.iaanl 1C | with a time constant of RC, where C is the total effective 
Mipacily (hat must he charged. However, the output will not rise above 
/ , Mm potential representing a 1, because the diodes will allow the cur- 
mi! (o pass to the input lines when the output potential rises to this 
Vfiltm, If the initial rise from the pulse through the diode capacitance is 
hialcclcil, the time t required for the output potential to change from 

Ah to 1C i is 



( 7 ) 
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as may be determined in a conventional manner from circuit analysis 
techniques. 

When one or more of the input signals in the and circuit is changed 
from 1 to 0 and the output potential is thereby caused to drop from E i 
to E 0 , the situation is not the same as when going from E 0 to E i. In fact, 
in this case the diodes are conducting at all times, and the limiting fac¬ 
tor in speed is therefore determined by the internal impedance of the 
driving circuits. In the positive-going direction with C L contributing the 
bulk of the capacitance, there was no need to have the rate of rise of the 
input signals greater than the RC charging rate, because the diodes act 
like open circuits and no improvement in switching speed could be ob¬ 
tained. On the other hand, in the negative-going direction there is no 
limit to the switching speed which can be obtained with ideal diodes. 

The various capacitances affecting the speed of a two-level AND-to-OR 

circuit are shown in Fig. 2-9. The 

stray wiring capacity on the output 
line may be combined with the load 
capacity to form C L as before, but 
the stray wiring capacity at the 
lower terminals of the R2 resistors 
are at a slightly different point in 
the circuit and are indicated by the 
capacitors, C s . The action of the 
circuit from the standpoint of speed 
may be visualized by considering 
the case in which A is originally at 
Ei with C and D at Eo and by ob¬ 
serving the effect of suddenly rais¬ 
ing the potential of B from E 0 to 
Ei. The capacitors which must be 
charged are the C 8 in the top and 
switch, C3, Cl, and C 2 - Diodes D\ ) 
D 5 , and Dq will all be in a conduct¬ 
ing condition, and their correspond- 

. ing interelectrode capacitances need 

Fig. 2-9. Capacitances affecting the & 

speed of a two-level switch. n °f be charged. After a small initial 

rise from the pulse through O 4 , the 

output potential will rise as a result of the current through the R 2 in fhe 
top and switch. The time constant in this case will be determined by the 
parallel combination of R\ and R 2 for the resistance, the net effective 
capacitance, ( 7 , being the sum of the capacitances which must bo charged 

in parallel. 
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An outstanding difference between this two-level circuit and the single- 
lovol circuit discussed above is that E XJ the potential at point A, will 
hot tend to rise toward J57_|_ as before but will rise toward a final poten- 
1 ml, E h which is less positive than £7 + . If the value of resistance which 
I him been chosen is the maximum permissible from steady-state consid- 
Wdiion, E f will be equal to E v In this case an infinite amount of time 
would be required for the switching action to be completed. For the 
■witching to be completed in a finite amount of time the value chosen 
lm R 2 must be less than this maximum, in which case E f will be 

E ‘ “ £ + " EJ> (8) 

"Inch is more positive than E 1 but less positive than E + . Potential E x 
1 mul the output potential also) will never reach E f but will be clamped to 
I , mm an upper limit by the action of diodes D 5 and D 6 together with the 
I mid B input signals as in the single-level circuit. It can now be shown 
l lull the time required for the output potential to rise from E 0 to E 1 is 



R1R2 

Ri + R2 


C In 


Ef — Ep 

Ef — E\ 



where the bulk of the capacitance is contributed by Cl . When the input 
pnleiitlal at B is returned to E 0 from E 1 the limiting factor in the speed 
id potential change at point X will be the internal impedance of the 
ihlvlug source as before, but Cl and C 2 must be discharged by the cur- 
*, hi through Ri. The factors affecting switching speed in the negative- 
iHiihfr direction in this two-level AND-to-OR circuit are therefore substan- 
Ihilly | he same as for the positive-going direction in the single-level and 

H MMI It* 

11111111 r principles apply when extending this analysis to circuits with 
Inin 1 limn two levels. In the three-level circuit in Fig. 2-3, for example, 
Hi mill It* must be considered when computing the time required for the 
mil pul potential to rise in changing from a 0 to a 1, but all three of the 

.. 1 mires, R u R 2l and R 3 , must be^ included in computing the time 

p .pined for the output potential to change in the opposite direction. 

I n \ Inuitlizc the effects of the three resistances, consider the input com- 
• In < 1 mu where A ) G, and H are 0 and B through F are 1. The output 
|| M liul will be 1 with this combination. If input B now is changed from 
I in 0, the output will change from 1 to 0. The effect on the switching 
*)... ,| dinned by the various resistances will depend on the relative values 
ulih li have been chosen from the steady-state conditions. In cases where 
W. i« chosen to be much smaller than required from steady-state condi- 
lltiiii. I be voltage impressed across diode /)a will be in t he reverse direc- 
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tion with the above combination of input signals. Therefore, the portion 
of the circuit ahead of this diode need not be considered in computing 
speed. On the other hand, with the value for R 3 chosen near the maxi¬ 
mum permissible and with certain relative values for signal potentials 
and supply potentials, diode D 2 might be conducting current in the 
forward direction during this time, and it would be necessary to include 
the effects of the components in the corresponding portion of the circuit. 
For intermediate values of R 3 , diode D 2 may experience a potential in 
the reverse direction during the first part of the time that the output 
potential is dropping from E i to E 0 ; but as the output potential drops, 
the direction of potential across this diode may change so that it starts 
to conduct. For this combination of parameters (which can be recognized 
by a slightly more detailed analysis of the circuit) it would be necessary 
to compute the switching speed in two steps with a different equivalent 
circuit for each step. 

The effect of finite back resistance on switching speed can be illus¬ 
trated with the two-level circuit of Fig. 2-2 and its equivalent circuit 
shown in Fig. 2-6. In Fig. 2-6, a capacitance, not shown, is assumed to 
be connected between the output line and ground. The important case is 
when B is initially at 1, C and D are initially at 0, and A is suddenly 
changed from 0 to 1. In this case the potential of the output will rise , 
from E o to E i with a time constant determined by the parallel combina¬ 
tion of R b , R 1} and R 2 . The potential, E f , to which the output potential , 
will approach (in the absence of the clamping action of the diodes) will 
be the equilibrium potential of the three resistors connected to supply 
potentials as indicated in Fig. 2-6. For a given R± and R 2 , E f will be less 
positive than before, with the net effect that the switching speed will be 
reduced by the action R b in spite of the reduced time constant. To achieve 
a given switching speed the value chosen for R 2 must be less for diodes 
having a finite back resistance than would be permissible for ideal di¬ 
odes. I 

The effect of nonzero forward resistance on speed is difficult to discuss. 
In applications where the forward resistance is great enough to have an 
appreciable effect on speed, it becomes awkward to attempt to make a 
precise definition of speed because of the attenuation in signal amplitude 
which is produced by the forward resistance. Usually the effect of for¬ 
ward resistance on speed is small in comparison with the uncertainties 
in the circuit design, such as the tolerances in resistance values and the 
fact that the capacitances in the system are seldom known precisely. 1 

General Remarks About the Design of Diode Switching Circuits. 
As has probably become apparent from the previous sections, the design 
of multilevel diode switching networks can become surprisingly complex 
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even though the basic and and or circuits are quite simple. The source 
of the difficulty is that when proceeding from the output back to the in- 
l*u I , each level of switching draws current in the opposite direction from 
11m preceding level and must be capable of overcoming the effects of the 
preceding level. Successive levels imply alternating and and or circuits; 
H WftN shown that successive and or successive or circuits may be com- 
bined into a single and or or level, as the case may be. Another source 
of complexity is that all possible combinations of input signals must be 
n hi i(lered, and the multiplicity of circuit branches that come into play 
•MiiiHimes introduce more and sometimes less stringent requirements in 
I lie parameters which may be used. 

In general it has been found that there is no limit in theory to the 
number of successive levels which may be used in a given network, and 
" *ili ideal diodes there need not be any loss in the voltage amplitude of 
I lie signal as it proceeds from the input to the output. In order to achieve 
Mil** result the values of the resistors at each level must be less than a 

• cii him set of maximum values determined by the method which was 
ill leribed. When nonideal conditions and the requirements of switching 
•l»rnl are considered, it is still possible to find theoretically acceptable 
|**ii iimeters for a multilevel network having only a small loss in voltage 
amplitude of the signal (provided the diode forward resistance is not 

• mi cical I. However, each nonideal factor causes a reduction in the maxi¬ 
mum value which may be used for the resistor at any given level. As a 
»• *- 1111 ,, I la* current necessary to drive the input lines increases very rapidly 
Willi Increasing number of levels in the network. Because of this great 
l" * m current amplitude the number of levels in the switching circuit is 
I • * • 111 * * 11 1 ly limited to two or three, and current amplifiers such as cath- 
tn|i I’nllowers must be placed between each two-level or three-level 

• In mi After proceeding through the several (perhaps four or five) com- 
bimiilnUN of diode switching circuits and current amplifiers the signal 
mil nl course, become depleted in voltage amplitude, and at appropriate 
point in the logical chain voltage amplifiers will be needed to restore 
Min binary signals. 

In ill of the previous discussion the magnitudes of the supply poten- 
I hi I I' i and E relative to the signal potentials E 0 and E x have been 
H«#ni 111 ««I In be arbitrary. In general it will be found that the current re- 
• 1 * 111 ' *1 lo drive a switch with a given number of levels can be reduced 
||V mi livting (lie supply potentials so that the potential differences E+ — 
Hi and K n E (which may be called the supply voltages) are large in 
IMMiipiii isun with the signal swing, E\ — E () . The effect of large supply 
M il'll ** will bo illustrated for the case of the single-level or circuit of 
I'h* J Mb). When all of the input signals arc at E 0 the current through 
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R will be (E 0 — E-)/R. When one of the input signals is raised to Ex 
the current will be (Ex — E_) /R, the incremental amount of current 
being (Ex — E 0 ) /R. If E 0 — E _ is chosen to be very large, a correspond¬ 
ingly large R can be chosen to supply the necessary amount of current 
for driving the load (both the resistive part of the load in the steady- 
state condition and the capacitive part of the load during the transition 
period), and the incremental amount of current required from the driving 
source will be correspondingly small. While the effect of a large supply 
voltage is almost obvious and trivial for the single-level case, it enters 
in the same way for multilevel circuits and is far from trivial. In fact, 
one of the major compromises which must be made in the design of diode 
switching circuits is in the choice of supply voltages. Very large supply 
voltages relative to the amplitude of the signal swing are desirable from 
the standpoint of switching action, but the power dissipated in the resis¬ 
tors becomes excessive. Also, destructively high back voltages can appear 
across the diodes if certain points in the circuit are opened accidentally; 
this problem is particularly acute with semiconductor diodes. 

The Use of Pulses Instead of Steady-State Levels to Represent the 
Binary Signals. If l’s are represented by voltage pulses going from E 0 
to Ex and return and O’s are represented by the absence of pulses, the 
principles involved in the design of the diode switching circuits are sub¬ 
stantially the same as for steady-state signal representations. The con¬ 
siderations involving switching speed are more important for pulses, 
however, and it would be desirable to have the wave shape of the output 
pulse as well as the amplitude conform with the shape of the input pulse. 
Because of the various capacitances in the circuit it is usually not pos¬ 
sible to achieve a faithful reproduction of the input signal even with a 
switching circuit having only two or three levels. Consequently, it is 

generally necessary to regenerate 
the pulse, both in shape and in am¬ 
plitude, after each small switching 
network. Many different circuit 
configurations involving tubes, tran¬ 
sistors, magnetic cores, and other 
components have been devised for 
this regeneration, and they will be 
described in Chapters 3, 4, and 5. 

A Variation in the Basic “And” 
and “Or” Circuits. A variation in 
the basic and and oh circuits can be 
obtained by using the connection to the “far” end of the resistor as one 
of the input lines as indicated in Fig. 2-10. In the and circuit of Fig. 



(a) (b) 

Fig. 2-10. A variation in the basic and 

and or circuits. 
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? 10(a) the output potential will rise to Ex only when a potential of Ex 
In applied to all three of the input lines. The output potential will be held 
at Eo if any one or more of the input lines is at this potential. Similar 
remarks apply to the or circuit. Although these circuits are useful in 
■ ome special applications, for efficient operation they require that the 
forward resistance of the diodes be very small in comparison with R and 
that the back resistance be very large in comparison with R. Also, it is 
not. possible to assemble multilevel networks without serious signal atten¬ 
uation. 

'The Diode Gate Circuit. A frequently encountered requirement in 
digit ill computer design is the gating of a pulse-type signal by means of 
<i cady-state signal. In many cases the steady-state signal is the output 
ml from a switching array, and the pulse is for transforming this 
Mignal to a type of binary digit representation that can be used to ac- 



E 0 ,E 


i 



Fig. 2-11. Diode gate circuits. 


(Male n llip-flop or other binary storage device (to be described in more 
ih I Mil in Inter chapters). The information is sometimes viewed as being 
In lhr pulse and in other instances is viewed as being in the steady-state 
mini'll, hut (he functioning of the circuit is the same. In a sense both 
mgihil contain information, regardless of the application, even when one 
III l hr signals, usually the pulse, is applied in a continuous repetitive 
f mm h ini i in I hr form of a “clock pulse.” The output pulse occurs at the 
11 11 m * I hnl (lie two signals appear in coincidence on their respective lines. 

I w n Im inn of diode gate circuits are shown in Fig. 2-11. In Fig. 2-11 (a) 
H pn!mi! ml of /Jo or E\ representing a 0 or a 1, respectively, is applied 
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at the input to the resistor. A pulse-type signal swinging between the 
same two limits, but in the negative direction, is applied to the diode 
input. If the input to the resistor is a 0, the diode will be connected in j 
the reverse direction at all times and will create an effectively open circuit 
so that no pulse will appear at the output. When the input to the resistor 
is a 1, the diode can conduct and draw charge away from the capacitor j 
to create a negative pulse at the output. The current needed for recharg- j 
ing the capacitor comes through the resistor from the corresponding 
input line. In Fig. 2-11 (b) the positions of the capacitor and diode are 
interchanged. With this form of gate the load circuit must hold the 
output line to a potential of Ex- Then when the input line to the resistor I 
is at E 0 , the diode will be connected in the reverse direction, and a posi¬ 
tive pulse applied to the capacitor input will have no effect on the output j 
provided the amplitude of the pulse is no greater than the difference 
between E 0 and Ex. If the input to the resistor is at Ex, the positive pulse 
to the capacitor will pass through the forward direction of the diode to 
the output line. As with the other gate circuit, the current for recharging ] 
the capacitor must come through the resistor from the corresponding 

input line. M 

Diode Recovery Time. Although the subject of vacuum and semicon¬ 
ductor diodes is extensive in itself, most of the properties of diodes are; 
not related in any special way to computer applications. However, there 
is one property, known as “recovery time,” which has been troublesome j 
in the application of semiconductor diodes to high-speed switching, 

circuits. J 

If a voltage in the reverse direction is placed across a semiconductor! 

diode very quickly after the diode has been conducting a heavy current 
in the forward direction, it is found that the back resistance does not 
reach its normal value immediately. Instead, the diode requires some 
time to “recover.” The initial low back resistance of the diode is caused, 
by the current carriers which remain in the bulk of the semiconductor! 
material for a period of time after the heavy forward current is removed, i 
The amount of time required for recovery is related to many diode design! 
parameters, some of the more important of which are the material chosen 
for the semiconductor, the geometry and size of the diode structure, and 
the quantity and nature of the impurities in the semiconductor material. 
For germanium diodes the recovery time may be in the order of magni¬ 
tude of several tenths of a microsecond, although by proper design tbo 

recovery time can be made less than 0.1 microsecond. . J 

Diode Matrices. There is a certain type of diode switching circuit that 

is commonly called a “diode matrix.” Actually, a diode matrix is nothing 
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more than a set of and switches (or sometimes a set of or switches) of 
(lie type that has already been described. The term “matrix” is derived 
from the manner in which the components are often arranged in a circuit 
diagram and are sometimes arranged in the physical layout of a machine. 

An elementary diode matrix is shown in Fig. 2-12(a). There are two 
Input variables, A and B, and the object of the matrix is to provide an 



I 2 3 4 5 6 7 8 



Fkj, 2-12. Kxamples of diode matrices. 
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output signal on one of four lines, where each output line corresponds 
to one of the four possible combinations of input variables. Each input 
variable must have two input lines. For example, for input variable A , 

line A or A is relatively positive according as A is equal to 1 or to 0, 
respectively. The input potentials may be obtained from flip-flop circuits 
that are described in the next chapter. An examination of the matrix 
circuit will reveal that it is nothing more than four two-input and 
switches. 

The extension of the matrix in Fig. 2-12 (a) to three or more variables 
is straightforward. For three variables, for example, there would be six 
input lines and eight output lines. Three diodes would be needed for 
each output line, so that a total of 24 diodes would be required. | 

A diode arrangement sometimes called a “pyramid” can be used to per¬ 
form the same function, with a saving in the number of diodes when the 
number of input variables is large. A three-input pyramid is shown in 
Fig. 2-12 (b). With only three input variables there is no saving in diodes, 
but the pattern of the pyramid is easily illustrated with three variables. 
For each possible combination of the three input variables a signal is 
produced on one of the eight output lines. The arrangement has the minor 
disadvantage that there are two diodes in series between some of the! 
input lines and the output lines. Again, the extension to more than three! 

variables is straightforward. I 

When more than three input variables are involved, the arrangement 

that results in the minimum number of diodes is different from either the 
rectangular matrix or the pyramid. It is derived in the following way. 
The input variables are divided into two groups. If the number of input 
variables is n and if n is even, the groups are equal in size and each con¬ 
tain n/2 variables. If n is odd, one group contains one more variable 
than the other. Each of the two groups is then subdivided in a similar 
manner until each individual group contains either 2 or 3 variables. The 
circuit is formed by employing and switches of either the rectangular 
matrix or pyramid arrangement for each 2-variable or 3-variable group, 
The groups are then combined by sets of two-input and switches. lor 
example, if n — 7, the variables would be divided into a group of 3 and 
a group of 4. The group of 4 would be subdivided into two groups with 1 
2 variables in each group. The circuits for each 2-variable group would 
contain 8 diodes, and the circuit for the 3-variable group would contain 
24 diodes. The two 2-variable groups would be combined by a 4 X 4 sel. 
of 2-input and switches requiring 32 diodes. The 16 output lines from 
this array would be combined with the 8 output lines from tlie 3- variable 
switch in a 16 X 8 set of 2-input and switches requiring 256 diodes. Th# 
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lotnI number of diodes would therefore be 328. The number of final out¬ 
put lines would be 2 7 = 128, where each output line corresponds to one 
particular combination of the input variables. 

rito number of diodes required for various numbers of input variables 
and for the three different types of circuits is given in Table 2-1. 


Taiiuo 2-1. Diode Requirements for Matrices and Related Circuits 


a 

Output 

Lines 

Diodes for 
Matrix 

Diodes for 
Pyramid 

Minimum 
Number of 
Diodes 

u 

4 

8 

8 

8 

N 

8 

24 

24 

24 

i 

16 

64 

56 

48 

I 

32 

160 

120 

96 

I 

64 

384 

248 

176 

t 

128 

896 

504 

328 


In aornc computer applications an input signal appears on one of sev¬ 
eral I iiioH, and it is desired to convert the incoming information to a 
hilt ui v type of code. A set of diode or circuits in the form of a matrix are 
h»i ltd lor this purpose. An example of an or matrix is shown in Fig. 2-13. 



Km. 2-13. Diode matrix for converting to binary notation. 


|| i" n 11 in mm I that an input signal is applied to one and only one of the 
fMiM Input linen at the bottom of the figure. The two binary output sig¬ 
nal t mid It, provide an indication of which input line is supplying the 
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signal. For example, if output signals appear on the A line and on the B 
line it is known that the input signal arrived on the number 2 input 
line. A frequent application of a circuit of this type is found in convert¬ 
ing from a one-out-of-ten decimal representation to a four-bit binary 

code. . . , 

Additional information on the logic of matrices is contained m Arith¬ 
metic Operations in Digital Computers by R. K. Richards. 



Fig. 2-14. Switching circuits employing cold-cathode gas diodes. 


Circuits Employing Cold-Cathode Gas Diodes. Although gas diodes 

have not been used to any appreciable extent in computing circuits, they 
have some attractive features which may prove to be of value in some 
applications. Among these attractive features are the possibility of com¬ 
bining several diodes into a single unit, a sensitivity to temperature much 
lower than that encountered in most semiconductor diodes, a very high 
back resistance when the glow is extinguished, and a high speed of re¬ 
sponse which is not related to the relatively long “deionization time” in 

gas thyratrons. . . 

An and circuit employing cold-cathode gas diodes is shown in big. £• 

14(a), where the small circle in the symbol for a diode represents the 

cathode on which a cold-cathode glow can he initiated. The operation of 

this circuit is the same as for vacuum or semiconductor diodes except 
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I hat E + .— E 1 must be greater than the striking voltage of the diodes, 
and the output signal will be more positive than the input signals by an 
amount equal to the sustaining voltage. The striking voltage is the poten- 
lial difference required to initiate a glow in the tube, and the sustaining 
voltage is the potential difference necessary to maintain the glow once 
il has been initiated. For diodes in this application the striking voltage 
should be negligibly greater than the sustaining voltage. A small differ¬ 
ence between these two values can be achieved through appropriate 
eltoice of materials and fabrication techniques for the diodes, but it 
should be recognized that not all cold-cathode diodes would be suitable 
for switching circuits of this type. 

Note that when input A in the figure is at E 0 and B is at E i, for exam¬ 
ple, the output potential will be held to the more negative of its two pos- 
nihlo values, and the glow in gas diode Z) 2 will be extinguished. The 
n Milstance of this diode will be very high in this condition. In fact, as the 
input potential at B is made more positive, the potential difference be- 

I ween the electrodes of Z) 2 will be decreased to further diminish the 
i Meets of any finite resistance (corresponding to the back resistance of 
vnnmm or germanium diodes) between the electrodes. The amplitude of 
the input signal swing would probably be limited to a value less than the 
mI i iking voltage of the diodes, but the amplitude could be allowed to be 
it" grout as the sum of the sustaining voltage in the forward direction 
mihI the striking voltage in the reverse direction. 

Tim effect of gas ionization on speed of response of the and circuit may 
In observed by considering the case where input A is held at E i and input 
li im changed from E 0 to E\ and then back to Eq. As the potential of B 

I I mim'd to Ei there is a tendency for the glow in D 2 to be extinguished. 
However, the output potential will start to rise immediately, even 
I hough the ions in the diode are capable of supporting a current for a 
nhm l period of time at a voltage less than the sustaining voltage. When 
bul h Input lines are at E i there may be a glow in both diodes with the 
i in rent dividing between them, or the glow may exist in only one diode 
il I here is a slight unbalance in the circuit. If the glow happens to become 
» Uliiguished in D 2) it must be reignited at the time B is returned to E 0 . 
W iih sonic designs of cold-cathode gas tubes there may be a delay of a 
few microseconds or longer between the time that a voltage sufficient to 
lull mb' a glow is applied and the time that enough ions are created 
In mlublish the glow, but by placing a small amount of radioactive 
luiild ial in the tube or by some other means a supply of ions can be 
m.bul limed in the tube for prompt initiation of the glow. In any case, 
II.. deionization time of thyratrons, which is the time required for the ion 
ih m il v in become low enough for the grid to regain control of the tube, 
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is of no consequence in switch circuits of this type, and the limited speed 
capabilities generally associated with gas-tube devices are not encoun¬ 
tered. I 

The functioning of the or circuit in Fig. 2-14 (b) is similar, with the 

important difference that the output signal potential is more negative 
than the potential of the input signals by an amount equal to the sus¬ 
taining voltage of the diodes. 

Two or circuits feeding an and circuit are shown in Fig. 2-14 (c). In 
two-level circuits of this type the potential shift between the input and 
output lines of the and circuit is canceled by the shift in the opposite 
directions in the or circuits so that the output signal swings between the 
limits of E 0 and Ex as do the input signals. The selection of values for 
resistances R\ and R 2 is accomplished by substantially the same proce¬ 
dure that was used before, although the constant-voltage drops which 
appear across the gas diodes when they are in a conducting condition 
must be taken into consideration. It will be found that the very high 
effective back resistance of diodes D i and D 2 in this circuit is of partic¬ 
ular importance in finding a satisfactory value of R 2 . Note that of the 
three diodes, Di, Z> 3 , and Z> 4 , at least one will be in a conducting condi¬ 
tion regardless of the combination of input signals which may be applied. 
Similarly, at least one of the three diodes, D 2 , Z> 5 , and D Q , will be con¬ 
ducting at all times. : 

The groups of diodes mentioned in the previous paragraph can be 
combined as illustrated in Fig. 2-14 (d) to gain certain advantages. The 
common cathode in each tube envelope supports a cold-cathode glow at 
all times, so the problem of initiating a glow from a change in the input 
signal combination is eliminated. In cold-cathode tubes the voltage neces¬ 
sary to sustain a glow is dependent on factors such as the condition of 
the cathode surface and the pressure and composition of the gas, and 
these factors may change during the life of the tube. With the diodes 
combined as indicated, any change in sustaining voltage will affect both 
the and and the or circuit, and because the signal shift is balanced out 
in the two types of circuits, the functioning of the circuit will not be 
closely dependent upon the exact values of the sustaining voltage. 
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Chapter 3 


VACUUM TUBE SYSTEMS OF CIRCUIT LOGIC 


The design of a digital computer or any other piece of digital equip¬ 
ment is fundamentally different in one important respect from the design 
of most other kinds of electronic equipment such as, for example, a 
radio receiver. In a radio receiver there are several different functions 
to be performed, including r-f amplification, i-f amplification, first and 
second detection, audio amplification, automatic volume control, and 
others. Each function requires circuits designed for that function alone, 
and the circuits for one function can seldom be adapted to any other 
function or other piece of equipment. Even though a radio transmitter, 
for example, may contain an audio amplifier, the details of the design 
of the amplifier are usually quite different from the details found in the 
design of the audio amplifier in the receiver. Similarly, the individual 
circuits found in television equipment, oscilloscopes, signal generators, 
and other devices are all quite different from one another. , 

On the other hand, in a digital computer the various functions which 
must be performed can be reduced to a relatively few basic functions, 
and then standard circuits for the basic functions can be combined in a 
multiplicity of ways to provide a means for performing the functions 
which are normally visualized as being required of a computer. Examples 
of functions to be performed by a digital computer include addition, 
subtraction, other arithmetic operations, error detection and correction, 
alphabetic and numeric word comparison, and numerous control func¬ 
tions. Each of these functions can be performed by arrays of the more 
basic functions of and, or, inversion, delay, and storage. As will become 
apparent when the various circuits are presented, it is not always neces¬ 
sary to include all of the five basic functions in a separate and identifiable 
way. The reason is that the functions are not completely independent of 
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each other and certain of the functions can be performed by combina¬ 
tions of the others. 

It was pointed out in Chapter 1 that the terms “logic” and “logical” 
are used with reference to circuits that perform the basic functions in a 
computer, and that the source of these terms is Boolean algebra, which 
was orginally developed as a mathematical analysis of logic but has been 
applied to notating and improving assemblages of the basic functions. 
Logical circuits therefore are circuits capable of performing one or more 
of the basic functions listed in the previous paragraph. Of course, “logi¬ 
cal” carries the connotation “reasonable” or “sensible” in ordinary con¬ 
versational usage. While the circuits should certainly not be unreason¬ 
able, it should be understood that here “logical” refers to the function of 
I la* circuits and not to their reasonableness. To avoid possible confusion 
I mm the practice of describing the circuits as “logical,” the term “circuit 
logic” is sometimes used instead, and this term will be used here. “Cir¬ 
cuit logic” refers to the performance of the basic functions of and, or, 
l ie., by means of physical devices—electronic components and circuits in 
lliin case. A “system of circuit logic” means a set of components and 
•limit types together with a scheme for making interconnections among 
Ilium whereby the basic functions can be assembled to perform any de¬ 
nied computer function. The meaning of the term “switching” as used in 
I lie previous chapter can be and is sometimes extended to include the 
I in Hie functions in a more comprehensive manner, but this term has not 
been selected here because the operation of many of the electronic cir- 
i'iiIIh is not closely analogous to the operation of familiar relays and 
■witches. 


II happens that most of the electronic components available do not 
perform the basic logical functions in a straightforward manner. For 

• wimple, a vacuum tube is very well adapted to the inversion function, 
bill Ibis function is such an inherent property of the tube that special 
•rhemes must be devised to eliminate this function when it is not wanted. 
AI ho, it is necessary to design the individual circuits so that they can be 
III led together in many different combinations. When designing circuits 
w bieb can be interconnected in a flexible manner the expected circuit 
pmblems of signal voltage levels, power levels, speed of response, and 
olliers are encountered, but a more important general problem is found 
In I be devising of a system of circuit logic whereby the logical functions 

• mm bo fitted together into meaningful patterns. Several such systems 


loivo been developed, and the ones employing vacuum tubes will be de- 
••Tilled in Ibis chapter. The object will be to set forth the basic ideas in 


I hr ■everal systems, no attempt being made to cover all of the countless 
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variations which have been devised or all of the special schemes which 
have been worked out to handle special situations. 

Many of the earlier electronic digital computers were built with each 
individual circuit designed to perform the particular function intended. 
Although there was an appreciable amount of repetition in the circuits, 
this was largely a result of the fact that many of the computer functions 
were repetitious. In most later computers the development of a set of 
circuits which can be assembled in building-block fashion has been a 
major design objective. The various sets which have emerged differ quite 
markedly from each other, but in general each type of block in a set is 
closely related to the basic logical functions, and by assembling the 
blocks in accordance with certain logical and engineering rules any 
computer function can be obtained. Several advantages are realized 
through the use of a relatively few different types of blocks. One of 
these advantages is a net saving in engineering effort because of the 
relatively few different circuits which must be designed. Other advan¬ 
tages are in the cost savings in manufacturing, servicing, the preparation 
of instruction manuals, and other areas where standardization is impor¬ 
tant. Also, the same circuits can frequently be put to use in other ma¬ 
chines such as the various items of digital test equipment which often 
accompany the development and construction of a large computer. 

Because of the major role that the building-block concept plays in the 
development of digital computer circuits, most of the explanation of the 
various systems of circuit logic will be in the description of the individ¬ 
ual blocks used in the systems and then in the description of the manner 
in which the blocks are interconnected to form computer functions. While 
the basic building blocks can in principle be used for nearly all of the 
electronic part of a computer, there are two areas where special circuits 
are usually employed. These two areas include the circuits used for con¬ 
necting the computer to its input-output devices (magnetic tape units, 
printers, etc.) and the circuits used for large-capacity storage. The prob¬ 
lem in the case of a printer, for example, is that the actuating solenoids 
require signal levels which are much greater than can be conveniently 
supplied by the logical circuits, and special output amplifiers are used. 
A similar mismatch in signal level is encountered with most other input- 
output devices. In the case of large-capacity storage the cost of ordinary 
logical circuits for this function is prohibitive, and components specif¬ 
ically intended for large-capacity storage have been developed and are 
the subject of later chapters. 

The Vacuum Tube Inverter. The ordinary triode inverter is probably 
the most elementary vacuum tube circuit intended for digital applica¬ 
tions. This circuit is shown in Fig. 3-1 (a), and the block-diagram sym- 
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bol which will be used to represent it is shown in Fig. 3-1 (b). The input 
signal to the inverter holds the grid of the tube at a potential which is 
either at approximately ground potential, so that the-tube is fully con¬ 
ducting, or at a potential which is more negative than the cut-off poten- 
tial of the tube, so that no current can flow between the cathode and 
I he anode. In the inverter circuit (as will be 
found to be the case with most digital circuits) 

I lie tube is either cut off completely or allowed 
lo be fully conducting. When the tube is in the 
nil,-off condition, the output potential from 
I he anode will be equal to the positive anode 
supply potential because there will be no volt- 
ngr drop across anode resistor R$. To main- 
lain this condition the potential applied to the 

grid must, of course, be equal to or more nega- Fig. 3-1. Inverter, 

live than the grid cut-off potential for the 

particular tube in use. The fact that the tube current is not reduced 
completely to zero at any sharply defined grid voltage may occasionally 
hr of consequence, but since the grid is usually carried to a potential well 
below the generally recognized cut-off value, it may be assumed for pur- 
pnncN of explanation that no current flows in the tube in this condition. 
The lube is said to be fully conducting when the grid is held at approxi¬ 
mately ground potential. The anode potential for this condition can be 
obtained from the load line on the tube characteristics chart in a man¬ 
ia r which is well established in the design procedures for vacuum tubes 
in other applications. By selecting a very large resistance value for R% 
i hi’ anode potential can be caused to drop to a value quite close to ground 
potential, but because of the loads which the inverter must drive in use- 
lul applications, a smaller value for R s must usually be chosen. In prac- 
I Ire, I he output potential swing is sometimes as small as one-half of the 
annile supply voltage. 

The input signal is shown in Fig. 3-1 (a) as being applied to the grid 
through a voltage divider consisting of Ri and R 2 . The reason for the 
u«r of a voltage divider is that it is assumed that the input signal comes 
i mm another tube with output characteristics similar to the inverter in 
ipirntion, and there is a need to match the potential levels of the signals 
limn the anode to the potential levels required by the grid. In spite of 
I In simplicity of the circuit, several factors enter into the selection of 
appropriate values for R\, J? 2 , and the negative supply voltage to which 
I hr voltage divider is returned. If the value of these resistors is very 
huge compared with the anode resistor in the driving circuit, certain 
simplifying assumptions can be made. In this case the amplitude of the 
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signal swing is diminished by an amount equal to R 2 /{Ri + R 2 ) - A re¬ 
duction in amplitude can be tolerated in this circuit because of the 
amplification produced in the tube; in fact when speed of operation is 
considered, it will be found that an excessive amplitude at the grid is 
undesirable. The required value of the negative supply voltage, /?_, can 
be determined by noting that the grid potential should be certain specific 
values for the cut-off and conducting conditions. To illustrate the de¬ 
termination of F_, assume that the input potential from the preceding 
tube swings between +150 and +40 volts, and that the grid should be 
held at 0 and —30 volts, respectively. For the relatively positive condi¬ 
tion the equation Rx/R 2 — 150 /E_ ) is obtained, and the corresponding 
equation for the relatively negative condition is Ri/R 2 = (40 + 30) / 
(. E _ — 30) where the absolute value of E _ is used. Since the ratio of 
resistance does not change, the two expressions containing E_ can be 
equated. The solution of the resulting equation yields a value of 56.25 
volts (negative) for E-. Note that the signal swing is reduced from 110 
volts to 30 volts and that by choosing R 1 and R 2 in the ratio of 8 to 3, 
the requirements of the signal level as well as the amplitude are satisfied 
in this example. Ground has been chosen here as one of the limits of the 
grid swing; actually it is preferable to design the voltage divider to tend 
to bring the grid a few volts positive with respect to ground when in the 
relatively positive condition. In this way the circuit will not be sensitive 
to small variations in component parameters. The clamping action of 
the grid current which flows when the grid is positive will, however, 
hold the grid close to ground potential. 

The capacitor C in Fig. 3-1 (a) is sometimes called a “speed-up capaci¬ 
tor’’ because it improves the speed of response of the circuit. Without 
this capacitor the various interelectrode and stray capacitances appear¬ 
ing at the grid would have to be charged through the resistors in the 
voltage divider. Note in particular that the anode potential changes in 
the opposite direction from the input grid potential, and the effective 
grid-to-anode capacitance is therefore larger than would be indicated 
from static measurements. C can be viewed as being in series with the 
net capacitive load appearing at the grid with the two capacitances act¬ 
ing like a voltage divider. By choosing C correctly with relationship to 
the load capacitance it is possible to cause the grid potential to swing 
between the desired potential limits without the need for any appre¬ 
ciable amount of charging current through the resistors. 

Frequently C is made larger than would be indicated by this steady- 
state potential consideration to gain a further increase in the speed of 
response. In the limit when C is made very large the amplitude of the 
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swing at the grid will be equal to the amplitude of the swing supplied 
to the input from the anode of the previous tube. If, for example, the 
input signal is in its relatively positive state and the grid is being 
held at approximately ground potential and the input signal is then 
changed to its relatively negative condition, the grid will be driven to 
cut-off in the time required for the input potential to drop an amount 
equal to the cut-off potential of the tube. As the input potential continues 
to drop, the grid will be carried very much beyond cut-off. Before the 
input potential is returned to its positive condition the grid should be 
allowed to arrive at its equilibrium potential as determined by the rela¬ 
tive values of Rx and R 2 . In this way the tube will be changed rapidly 
I mm cut-off to fully conducting when the input potential is returned to 
IIh relatively positive state. 

Although a large C is desirable for a high speed of response of the 
inverter, small values for the resistances are then needed to accommo¬ 
date a high repetition rate of the changes in the input signal. The small 
resistances introduce a heavy load on the driving tube, which in turn 
reduces the amplitude of the input signal. The over-all design of the 
Inverter is therefore a compromise among these factors. 

Usually the relatively positive and relatively negative states of the 
Mgiml represent a 1 or a 0, respectively, although the opposite conven¬ 
tion can be adopted if desired. That the inverter provides inversion can 
he understood by observing that the output signal is 1 (with either con- 
vention) when the input signal is 0, and the output is 0 when the input 

Is 1. 

Parasitic Oscillations. In the inverter and in most of the other digital 
circuits to be described, high-frequency oscillations called “parasitic os- 
clllntions” will often be encountered unless steps are taken to prevent 
l linn. The oscillations are created as a result of circuit paths that include 
I he Inductance of the leads, stray capacitance, and other factors not re¬ 
in led lo I he intended circuit configurations. The extraneous paths often 
Include parts of computer circuits pertaining to two or more tubes. As 
a general rule, when designing digital circuits no attempt is made to 
predict where these paths will occur; in fact, even after the oscillations 
me encountered it is seldom found to be worth the effort to determine 
I * 1 ecinel v wlmt is causing them. Instead, it is frequent practice to include 
I'lnuHilic suppression components in the circuits as a standard preventive 
measure, whether they are needed or not. 

In most instances the parasitic oscillations can be prevented by in- 
iMuling n resistor in series with the grid of each tube. The value of this 
l-Miasilic suppression resistor, as it is usually called, is not critical and 
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may be in the order of 100 ohms. Normally this resistor should be 
mounted close to the tube socket to minimize the inductance and stray 
capacitance in the lead between the resistor and the grid. 

The parasitic suppression resistors will not be shown in the circuit 
diagrams because they are not directly related to the digital concepts 
which are the principal objects of the discussions and because it may be 
possible to prevent the oscillations by other means such as judicious 
mechanical arrangement of the components. However, the importance of 
the oscillations should not be underestimated. The circuits will not func¬ 
tion properly when the oscillations are present, and much time can be 
consumed in determining the source of the difficulty. The oscillations can 
be quite elusive. Even the simple step of connecting an oscilloscope or 
other instrument to the circuit to detect their presence can cause the 
oscillations to disappear or change character in a manner which makes 
them difficult to observe. 



(a) 

Fig. 3-2. Parallel inverter switch. 


Parallel Inverter Switch. The parallel inverter switch is a circuit ob¬ 
tained by connecting two inverters together with a common anode load 
resistor as indicated in Fig. 3-2(a). The symbol to be used later for this 
circuit is given in Fig. 3-2 (b). With the parallel inverter switch the out¬ 
put is 1 (relatively positive) only when 0’s are applied to both of the 
input lines, A and B, because conduction in either tube will cause a volt¬ 
age drop in the anode load resistor. Either the and or the or function 
can be obtained by using this circuit, although extra inverters are needed 
to cancel the inversion which occurs. The and function is obtained by 
passing each input signal through an inverter before applying it to the 
parallel inverter switch. For the or function, the inverters at the input 
lines are replaced by an inverter on the output line. 

The design of the individual inverters in the parallel inverter switch is 
substantially the same as before. The only exception of consequence is 
that the exact value of the output potential in the relatively negative 
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condition depends on whether one or both of the tubes are conducting, 
and sufficient tolerance must be allowed in the design of successive cir¬ 
cuits to allow for this variation. Observe that the anode load resistor 
should be approximately the same as the value used for a single inverter 
and not one-half of that value. The parallel inverter switch may, of 
course, be extended to include three or more inverters with a common 
anode load. 

The Flip-flop. When two inverters are connected in tandem with the 
output of the second fed back to the input of the first, a circuit known 
iih the flip-flop is obtained. The flip-flop and its symbol are shown in 
Fig. 3-3. This circuit can exist in either one of two stable states. If the 
left-hand tube is conducting, its low anode potential will be applied to 
(he right-hand tube and will hold it in a cut-off position, and the high 
anode potential of this tube will in turn be applied to the grid of the 
left-hand tube to maintain conduction. Similarly, if the right-hand tube 



Fig. 3-3. Flip-flop. 



happens to be conducting initially, the left-hand tube will be cut-off, and 
(ho two tubes will maintain each other in this stable state. 

By applying pulses through condensers to the grids of the tube the 
llip-flop can be “flipped” from one stable state to the other. (In spite of 
the fact that “flip-flop” is a term which is now well established, it is 
seldom said that the circuit “flops” into one state or the other.) Consider 
the case where the left-hand tube is conducting and a negative pulse is 
applied to input A. Assume that this negative pulse is a step function, 
I hat is, that the potential at A is suddenly dropped from one value to a 
more negative value. The pulse will pass through the condenser to the 
grid and cause a reduction in the amount of current flowing in this tube. 
The increased anode potential will cause the potential at the grid of the 
right-hand tube to be raised, and it will be assumed that the change is 
milJicicnt to allow current to flow in that tube. The drop in anode poten¬ 
tial of the right-hand tube will in turn appear at the grid of the left-hand 
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tube and drive that grid more negative. Once this process is started ft 
will continue until the other stable state is reached because of the amplifi¬ 
cation provided by the two tubes in the loop. 

If the input potential at A is at a later time suddenly returned to its 
initial value by a positive-going step function at this point, conduction 
may be initiated again in the left-hand tube sufficiently to cause the flip- 
flop to return to its initial state by a similar process. In general such a 
return is definitely not desired. However, because the grid is clamped at 
a potential near ground by grid current when at its relatively positive 
value, but can be held well below cut-off potential when in the relatively 
negative potential, the flip-flop can be made to be much more sensitive 
to negative-going signals than to positive-going signals. Therefore, the 
amplitude of the input signal is chosen with relationship to other circuit 
parameters so as to cause a flipping action when in the negative-going 
but not in the positive-going direction. Alternatively, the input potential 
could be returned slowly to its initial value, the grid potential being held 
nearly constant, by current through the resistors in the voltage divider. 
However, this scheme would require an excessive amount of time for 
most applications, and it is not always convenient from a circuit stand¬ 
point. 

Frequently, and perhaps even in the majority of cases the negative in¬ 
put pulse at A is not a step function but is quickly returned to its initial 
relatively positive condition. In fact, it may be returned positive (in 
other words, the negative pulse may be terminated) in less time than is 
required for the flip-flop to change state. In this case the returning nega¬ 
tive-going signal from the anode of the opposite tube must be of sufficient 
amplitude to overcome the positive-going portion of the input pulse. Pro¬ 
viding for this condition is usually not difficult, although certain com¬ 
promises are necessary. Note that a large C in Fig. 3-3 is desirable from 
the standpoint of returning large amplitude pulses from one tube to the 
grid of the other tube, but is undesirable from the standpoint of allowing 
operation at a high pulse repetition rate. Also, the input capacitor and 
C act like a voltage divider on the input signal, with the result that a 
large C allows only a fraction of the input amplitude to appear at the 
grid of the tube. « 

Two output signals are provided by the flip-flop circuit, one at each 
of the two anodes. A commonly used convention is that the flip-flop is 
said to store a 1 when the right-hand tube is cut-off. When the circuit 
is in this condition the output signal from the right-hand tube is rela¬ 
tively positive as desired for the indication of a 1 although the signal 
from the other side of the flip-flop is negative and represents a 0. The 
signals are reversed for the opposite stable state. Ip practical applica- 
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♦ ions both output signals are useful. When the flip-flop changes from one 
hI able state to the other, the output signal which is negative-going at the 
time can be used to flip another flip-flop, and this property is highly use¬ 
ful too, as will be shown later. 

Complementing Flip-flop. By connecting the two input lines together 
hh indicated in Fig. 3-4 the flip-flop can be caused to alternate back and 
forth between its two stable states in response to a series of pulses ap¬ 
plied at the common input line. This variation of the flip-flop is said 

♦ <> be “complementing” because after each input pulse either output sig¬ 
nal represents l’s complement of its previous value. 



Fig. 3-4. Binary-connected flip-flop. 


A negative pulse on the input line to a complementing flip-flop tends 
in cause both tubes to be cut off. Of course, one of the two tubes, say the 
iight-hand one, was in the cut-off condition prior to the application of 
I In* pulse, so that the pulse has the effect of driving the corresponding 
giid even more negative. The grid of the left-hand tube, which was pre¬ 
viously conducting, is driven negative also, but because it starts from a 
relatively more positive potential, it is not carried as far negative as the 
right-hand grid. Therefore, it may seem that as the grids return to equi¬ 
librium condition the left-hand tube should arrive at a conducting con- 
dition first with no resulting change in state. However, when the left- 
hand tube is cut-off a large positive pulse is applied to the grid of the 
light hand tube, and this pulse causes current to flow in that tube first 
m spite of the fact that its grid was driven to a more negative potential. 
When the right-hand tube starts to conduct, the negative signal at the 
aliode is effective in holding the left-hand tube in a cut-off condition. 
Mlur the circuit has become settled in its new stable state, a second 
pulse applied to the input line will return it to its original state by a 
similar process. 
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As before, the clamping of the grids at ground in the positive state 
causes the flip-flop to be sensitive to negative-going pulses, while the fact 
that the grids are held well below cut-off in the negative state provides 

a relative insensitivity to positive-going pulses. 

Improvements in the Basic Flip-flop Circuit. Many variations and 

elaborations have been developed for the basic flip-flop circuit to im¬ 
prove its performance in certain respects. Some of these variations are 

shown in Fig. 3-5. 

In Fig. 3-5(a) the flip-flop circuit itself is unaltered, but resistor R i 
and diode D x have been added to the input circuit on the left-hand side, 
and a similar addition has been made to the right-hand side. With this 
arrangement only the negative-going portion of the input pulse will have 
an effect on the flip-flop. Assume, for example, that \ i is conducting and 



+150 



-150 (c) 

Fig. 3-5. Improvements in the basic flip-flop circuit. 


Vacuum Tube Systems of Circuit Logic 75 

I hat a negative signal is applied to C\. Diode D i will be in the low- 
resistance direction, and the pulse will pass through it to cut off Fi in 

I he usual fashion. The input signal may return to its relatively positive 
potential while the flip-flop is still in the process of transition from one 
stable state to the other, or it may return positive at some much later 
lime. In either case, Z>i will be in the high-resistance direction during the 
positive-going portion of the input pulse, and the circuit is thereby ren¬ 
dered less sensitive to the duration of the input pulse for proper opera- 
lion. Also, the circuit is more highly selective in its response to negative 
and not positive pulses because, if V 1 were initially in the cut-off condi- 
lion, a positive pulse would have to pass through D i when the potential 
difference across it is in the high-resistance direction. These factors make 

II possible to change the flip-flop from one state to the other at a higher 
repetition rate. 

This input circuit is particularly advantageous when the flip-flop is 
connected for complementing action as indicated by the dotted line in 
I he figure. With this connection assume that Vi is in the cut-off condi- 
1 ion and that V 2 is conducting. The negative input pulse will be applied 
lo both C i and C 4 , but since the grid of Fi is negative, D 1 will be in the 
high-resistance direction. If the input pulse amplitude is not excessively 
great, the pulse will not pass through Di to drive the grid farther in the 
negative direction, which was the case without this input circuit. There¬ 
fore, the flip-flop will reach its new condition of equilibrium more 
quickly, and input pulses may be applied at an appreciably higher repe¬ 
tition rate. 

The circuit in Fig. 3-5(b) is frequently referred to as “cathode-biased” 
hi cm use the grid bias voltage is obtained from a resistor, J? 9 , in the cath- 
nito circuit of the two tubes. Capacitor C 5 is included to hold the cathode 
potential reasonably constant during the time that the flip-flop is chang¬ 
ing from one stable state to the other. Except that the various signal lev- 

• In urn shifted, the operation of this circuit is substantially the same as 
lin I hr so-called fixed-bias flip-flop. The two principal advantages which 
me UMimlly cited for the cathode-biased flip-flop are that only one power- 

11111 »Iy voltage is required and that the circuit is less sensitive to changes 
m power-supply voltage. As the anode-to-cathode voltage on a tube is 
iiicirasril, the grid-to-cathode bias voltage necessary to maintain the 
(ulio in I hr rut-off condition is increased. The relative insensitivity to 

upply voltage changes is a result of the fact that all voltages in the 

• In ml, including the bias voltage, tend to vary approximately in propor- 
lintt lo I hr supply voltage. The time constant of the C 5 and Rq combina- 
Iinn should not be large in comparison with the times involved in the 
JMlpply-Voltuge changes. 
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Another possible advantage of cathode biasing is that there is a com¬ 
pensating action which tends to hold the current in the conducting tube 
at a constant value even though the emission properties of the cathode 
may vary over wide limits. If, for example, the cathode emission dimin¬ 
ishes during the life of the tube, the current through the tube will be 
diminished for a given set of voltages applied to the tube electrodes, but 
the decreased current through the cathode resistor R d will cause the 
cathode potential to be more negative than otherwise, and the altered 
grid-to-cathode voltage will tend to restore the tube current to its original 
value. However, to the extent that the current is diminished, the effect 
on the cut-off tube is adverse in comparison with the fixed-bias circuit 
because the lowered cathode potential will be less effective in holding 
that tube in the cut-off condition. The input circuits including R x and D x 
on the left-hand side function in the same manner as the corresponding 
components in the preceding flip-flop. Additional resistors returned to a 
positive supply potential have been included at each input. The one on 
the left-hand side is designated R\o in the figure, and its purpose is to 
pull the potential at the junction of Ri and D x slightly positive and cause 
Z>i to be in the high-resistance direction in the absence of input signals, 
regardless of the state of the flip-flop. In this way the circuit is made 
insensitive to small extraneous negative pulses which may appear on the 
input line. 

The circuit in Fig. 3-5 (c) contains two variations, each of which is 
installed for the principal purpose of obtaining a flip-flop capable of op¬ 
erating at very high speeds. Basically, the circuit is the same as the 
cathode-biased circuit described in the previous paragraph, but the nega¬ 
tive return is made to a negative supply voltage instead of ground. (The 
particular voltages indicated in the figure are for purposes of illustra¬ 
tion.) The anode output from each tube in the flip-flop is connected to 
the voltage divider at the opposite tube through an additional tube in a 
cathode follower type of circuit. The d-c loading on the anode output is 
thereby eliminated, and the capacitive loading is considerably reduced. 
The effective grid-to-cathode capacity of a cathode follower is low be¬ 
cause the potential difference between these two electrodes is nearly con¬ 
stant throughout the operating range of the circuit. The grid-to-anode 
capacity is roughly the value obtained from static measurements because 
the anode potential does not vary in a cathode follower circuit, in con¬ 
trast to the inverter type of circuit in the flip-flop, where the grid and 
anode potentials vary in opposite directions. Because of the light load 
on the flip-flop anodes, the potential at these points in the circuit can 
change rapidly, and the current amplification in the cathode followers 
will provide means for altering the V\ and V% grid potentials at a high 
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speed. Also, the output signal can be taken from the cathode followers 
for driving relatively heavy loads. 

'Hie other feature for improving speed is that the swing of the anode 
potential is limited to +10 volts in the positive direction by _D 5 and D Q 
and -30 volts in the negative direction by D 7 and D 8 . At the time a 
Hip-flop tube is changed from the conducting to the cut-off condition with 
fids arrangement, its anode potential will tend to rise toward +150 volts. 
I'or given time constant in the circuit the anode potential will reach its 
linal value of +10 volts much sooner than if it were to approach the 
Imal potential asymptotically as was the case with the previous flip-flop 
n mi its. Similarly, the anode potential drops rapidly in the negative- 
going direction toward a potential which is more negative than —30 volts, 
Imi! it is stopped at this value by the diodes. 

The input circuits to this flip-flop may be the same as before. A driving 
problem is encountered from the fact that the resistors in the cathode 
followers act as a heavy load on the input signals. However, when the 
dip Hop is used with pentode gates or blocking oscillators, which are de- 
"mbed in later sections, sufficient signal power can be made available. 

I be power requirement on the driving signal can be lessened by making 
Hu mid R :t in Fig. 3-5 (c) (and the corresponding resistors in the right- 
Imnd part of the circuit) as large as possible for flip-flop action and by 

.. the resistance needed for the output load at the point indi¬ 
cated by the dotted line. 

Klementary System of Circuit Logic. The inverter, the parallel in¬ 
i' Her switch, and the flip-flop are sufficient to form a complete logical 
ov'lem. Such a system is not particularly clean-cut and straightforward, 
bill through the use of these three circuits it does seem to be possible to 
I'crform any logical function that is encountered in digital machines. It 
wight be mentioned as an incidental remark that so far as is known no 
iillilliomatical proof has ever been worked out to establish that a system 
imnipoHcd of these circuits is complete. In fact, it is difficult to devise a 
notation which describes a system of this type, particularly in compari- 

.. with some of the systems to be described later which are readily 

Witnted by Boolean algebra. The reasons why this particular system is 
lining described first are that the individual circuits are probably the 
simplest of any and historically it was one of the first systems to be de- 
i Ined IBM’s type 604 computer, for example, employs a system of logic 
"•mi 1'if to this one, although with numerous modifications and extensions. 

No way 1ms been found for giving a good general-purpose explanation 
nl how the inverter, parallel inverter switch, and flip-flop can be fitted 
tugi'l her In perform the required digital operations. It seems that each 
Individual function introduces its own problems in logic, and special 
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Fig. 3-6. Typical application of an elementary system of circuit logic. 


tricks are required or at least useful in each case. However, there art* 
certain basic considerations involved in the logical interconnections be¬ 
tween the circuits. These basic considerations together with some of the 
tricks will be explained through the use of Fig. 3-6 as an example of a 
logical array. The exact form of the array in Fig. 3-6 is not intended 
to be related to the specific requirements of any known digital computer 
or other digital machine, but the type of functions selected for this array 
are quite typical of the functions encountered in practice. It should ho 
possible to obtain an understanding of all of the major points in thil 
system of logic by following the description of this example. Other exam¬ 
ples will be found in the chapter on counters where some of the counter* 

presented employ this same system of logic. . m 

The X in each flip-flop in Fig. 3-6 indicates the side of the flip-flop 
that is conducting initially. Each flip-flop can be set to its initial condi¬ 
tion by opening the connection to the grid supply voltage on one side of 
the circuit. (The contact for this purpose is not shown in the figure.) ty 
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is convenient to think of each flip-flop as being either on or off, and the 
convention to be used here will be that conduction in the left-hand tube 
will correspond to the on condition, and in this condition the anode of the 
left-hand tube is relatively negative and the anode of the right-hand 
tube is relatively positive. The word “relatively” will be omitted from 
subsequent discussion, but it should be understood that this meaning is 
implied and that the output signals from the flip-flops never become neg¬ 
ative with respect to ground in the circuits which have been described. 
Of course, the output signals are inverted when the flip-flop is off as in¬ 
dicated by an X in the right-hand side of the flip-flop symbol. The “1” and 
"0” terminology for the various positive and negative signals has not 
been found to be particularly useful for the type of logical configuration 
to be described. 

In Fig. 3-6 consider first the flip-flops numbered 1, 2, and 3. Note that 
I is on initially and that 2 and 3 are off initially. A negative-going sig¬ 
nal at point T in the circuit will appear at the left-hand grid of all three 
of these flip-flops. This signal will turn 1 off but it will have no effect on 
' and 3 because the corresponding grids of these flip-flops are already in 
the cut-off conditions. When 1 goes off a negative-going signal will ap¬ 
pear at the right-hand anode of 1 and will be applied to the right-hand 
grid of 2 to turn this flip-flop on. It may be noticed that except for the 
alight delay caused by the time required for 1 to change from on to off, 
signals are being applied to both grids of 2 and at approximately the 
name time. Flip-flop 2 nevertheless does change from off to on, since 
I he internal cross-coupling between the tubes in the flip-flop provides a 
huge positive-going signal at the left-hand grid at the time the right- 
hand tube is being cut off. This action is the same as for the complement¬ 
ing IIip-flop described in the previous section. When the potential at T 
i el urns to its positive condition, no action takes place because it is as¬ 
sumed that, as described previously, the flip-flops are designed to be in- 
"« nnilive to positive-going signals of the amplitude being used. Successive 
negative pulses at T will cause the on condition to be stepped along by 
Hum process from 1 to 2 to 3 and then back to 1 again and so on. A cir¬ 
cuit configuration of this type is frequently called a “ring counter.” 'The 
four flip-flops numbered 4 through 7 are connected to form a similar ring 
counter. 

The function to be performed in the example of a logical array as por¬ 
trayed in Fig. 3-6 is to start a sequence of pulses at T and then terminate 
Hum sequence in such a manner that the ring circuits are returned to the 
Initial condition of having flip-flops 1 and 4 on with the others off. It 
will be assumed that the start and stop signals may occur at random 

I linen, 
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One requirement for the operation of a system of circuit logic of this 
type is a source of primary pulses. In principle, these pulses need not be I 
timed or shaped in any particular way, but a continuous series of square- | 
wave pulses at a uniform frequency is convenient. In spite of the need 
for these pulses, the device which generates them is not really a part of j 

the system of logic and is not shown in Fig. 3-6. j 

A circuit known as the multivibrator is a commonly used means of I 
generating the square-wave pulses. The multivibrator is a circuit similar j 
to the flip-flop of Fig. 3-3 except that the Ri resistors are omitted and 
the bottom connection to the R a resistors is made to ground instead of 
a negative supply voltage. With this arrangement when one tube comes 
into conduction it will drive the other one sharply to cut-off, but as the i 
charge in the corresponding C leaks away through R 2 , this other tube! 
will return to the conductive state and drive the first one to cut-off. The® 
state of conduction will oscillate back and forth between the two tubes , 
in this fashion without external excitation and at a frequency determined 

by the component parameters in the circuit. 

An alternative method of generating the square-waves is to employ a I 
sine wave oscillator of any description and then amplify and clip its 
output to the extent necessary for obtaining the desired squareness! 
(short rise and fall times) in the pulse shape. Sufficient amplification and 
clipping can sometimes be obtained by passing the output of the oscil¬ 
lator through two or three ordinary inverters of the type used in the 
remainder of the system. In Fig. 3-6 the square-wave input is applied at 
point Z, and a graph of this signal as a function of time is shown at the 

bottom of the figure. . j J 

The “start” pulse is indicated in the figure as being a negative pulse 

applied to the right-hand grid of flip-flop 8 to turn it on. Flip-flop 8 “re¬ 
members” that a start pulse has been applied and can be used to gate 
the square-wave pulses to the ring counters. However, a certain problem 
is encountered from the fact that it has been assumed that the timing 
of the start pulse may be random. This problem may be understood by] 
studying the wave form that may appear at point S in the circuit. 
Through the action of the parallel inverter switch formed by inverters 
11 and 12, S becomes positive when W and Z are both negative, and Irj 
becomes negative when the input pulse is applied. As indicated in the 
graph, the timing of W may be such that the first positive excursion of 
S may be of very short duration. If S were applied to the ring counter!, 
it could be that the first negative-going pulse from S might be too close 
after the positive-going pulse to produce a definite flipping action m 
both of the ring counters. Because of minor variations in the components 
in the various individual circuits one ring might bo actuated and not Urn 
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otlier, and this result would be undesirable. It has been assumed that for 
this example it is desired to have both rings start together. To solve this 
problem, S is not used to drive the counters; instead, it is used to turn 
on another flip-flop, number 9. Flip-flop 9 may or may not be turned on 
Ity the first negative pulse from S, and in the graph at the bottom of Fig. 
■I i) it has been indicated that it is the second negative-going excursion 
of >S that is successful in turning it on. (If the first pulse is not successful, 
the second one always will be successful.) 

I is now obtained from the parallel inverter switch formed by in¬ 
verters 14 and 15 with Y and V, respectively as input signals. Y is the 
Inverted square wave from Z, and V becomes negative when 9 is turned 
on Note that this arrangement produces nothing but full-sized square- 
wave pulses at T. Since the timing of 9 relative to Z is known it might 
lie possible to apply Z instead of Y at inverter 14 and thereby eliminate 
Inverter 13. In fact, because of the finite time required for the circuits 
lo respond, V would not become negative until after Z had become posi¬ 
tive, and therefore there would be no extraneous short positive excursion 
of / at the time 9 is turned on. However, the square wave appearing at 
T would be one half of a cycle later than with the arrangement indicated, 
Mini the fact that the ring counters would be actuated at a later time 
might be less desirable. The ring counters are stepped each time T be- 
iimicH negative, and outputs M and N, for example, become negative 

idler the second and third pulses, respectively, from T as indicated in 
I lie graph. 

For stopping the counters a negative “stop” pulse is used to turn on 
IIIp-Hop 10. Since it has been specified that the rings should be stopped at 
lln lr initial positions, the status of the rings as well as the timing of the 
piiUe source must be considered. It may be observed that the ring will 
mi live at its initial position after each twelfth pulse from T. The pulses 
Imm T could be counted, but the rings themselves act like a counter 
Mini can be used for this purpose. It is possible to sense when flip-flops 1 
iiml I arc on and employ the resulting signal for terminating the pulses 
Hi V, but in Fig. 3-6 a slightly different approach has been taken. If 
lllp Hops 3 and 7 are on and the “stop” pulse has been applied, one more 
pul r is allowed to pass at T to return the rings to their initial state. The 
mil pul of the four-way parallel inverter switch which includes inverters 
III through 19 is positive only when all four of its input signals are nega- 
li' o Then when one or more of the input signals to this parallel inverter 

Ill'll becomes positive the resulting negative signal at its output will 
Im n orr flip-flop 9. As can be seen from the graph at the bottom of the 
Hm'i"', the input signals K, Y, M and N, will satisfy the conditions for 
Ih minuting the pulses at T. The Iasi negative-going pulse at T will occur 









82 Digital Computer Components and Circuits j 

at the same time that 9 is turned off. If the “stop” pulse happens to be 
applied at little later than indicated by the plot of K in the figure and 
the pulse from the four-way inverter switch does not succeed in turning I 
off 9 at this time, the rings will be stopped at the end of the next twelve 
pulses. The connection from the left-hand anode of 10 to the left-hand 
grid of 8 is for the purpose of turning 8 off when the “stop” pulse is ap- I 
plied; otherwise, the signal at S would cause 9 to be turned on again. A I 
similar connection, not shown in the figure, from 8 to 10 can be used to I 

insure that 10 is off at the start of the operation. . I 

Conceivably, the pulses at T could be started and stopped by starting 

and stopping the multivibrator or other oscillator instead of by opening I 
and closing a gate type of circuit. However, it should not be interpreted I 
that the starting and stopping of a series of pulses is the major function 
accomplished by a digital computer, and when designing the computer as 
a whole it will be found that a single source of continuous pulses for the 1 
entire machine is advantageous in providing a logical arrangement that j 
will allow all parts of the machine to work together. Also, the devising of 
a means that will start and stop an oscillator in one cycle is probably at 
least as difficult as gating the pulses from an oscillator that is running 

continuously. 

One of the advantages of the system of circuit logic exemplified in 
Fig. 3-6 is the ability of the system to operate at a wide range of speeds. 
By causing the multivibrator supplying the basic timing square wave to 
oscillate very slowly, the status of each individual point in the circuit 
can be observed at each step in the logical functioning of the array. Withl 
vacuum tubes the signal swing is often great enough for the operation of I 
a small neon light connected through a large value of resistance to each I 
circuit point of interest. When servicing a computer, it is particularly 1 
helpful to be able to determine the status of the flip-flops from a glanco I 
at a set of neon lights. It is further possible to substitute a manual I 
switch for the multivibrator and step the computer one step at a timo I 
as desired for observing the detailed operation of each individual circuit. I 
Another advantage of this system, again in comparison with other sys-1 
terns, is that it is not necessary to distribute accurately timed and shaped 
clocking pulses to each individual logical element in the array. I 

Although some engineers become quite adept at assembling arrays of | 
logical circuits of the category just described, one of the outstanding! 
disadvantages of this system of circuit logic is in the “mental gyrations * j 
that one must go through to arrive at a correct design. The understand^ 
ing of a completed array is not too difficult, but when working out tho j 
interconnections between blocks it is necessary for the designer to visu® 
alize the polarity and timing relationships between the signals at several 
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different points in “trial” arrays which are still in his mind. With com¬ 
plicated logical functions the designer must possess an appreciable abil¬ 
ity at abstract thought or must be meticulous in the use of timing charts 
!<> test for the proper response of the more promising possible arrays to 
nil possible combinations of input signals. However, some of the things 
which seem perplexing at first become easy with practice. 

Observe, incidentally, that there is no component or circuit specifically 
intended for the function of delay in the system of logic which has been 
described in this section. Delay is achieved through the binary storage 
capabilities of the flip-flops. Another way of viewing the situation is to 
that the delay devices which play a fundamental role in some of the 
nyntems of logic to be discussed later are mainly for the purpose of ob¬ 
taining storage. 

Some Extensions of the Elementary System of Circuit Logic. There 
an* many other circuits which may be used with the inverter, parallel 
Inverter switch, and flip-flop to simplify the system of logic in specific 



I' m. 3 7. Intensions of tho elementary system of circuit logic. 
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applications. Some of the commonly used extensions are shown in Fig. 
3-7. 

The tube in Fig. 3-7 (a) has two grids, either of which is capable of 
cutting off the flow of current in the tube. In other words, the output is 
positive when either one, or both, of the input signals is negative. This 
circuit is useful in applications corresponding to inverters 11 and 12 in 
Fig. 3-6. Since the tube would normally be held in the cut-off condition 
by using the output from the right-hand anode of flip-flop 8, the first 
change in the anode potential of the two-grid tube would be negative¬ 
going, and it is thereby possible to get the logical array into operation 
more quickly than with the arrangement shown. In many other applica¬ 
tions this circuit is useful just because it happens to fit the desired logi¬ 
cal function more closely than the parallel inverter switch. Although the 
extra grids are not shown in Fig. 3-7(a), it is desirable that there be 
screen grids between the two control grids and between the second con¬ 
trol grid and the anode. One need for the screen grids is encountered 
when input A is positive and input B is negative. The grid corresponding 
to A may draw an objectionably heavy current in this case unless there 
is a screen grid to act like an anode and draw the electrons away. An¬ 
other need for a screen grid is encountered when B is positive and A is 
changed from negative to positive. The drop in anode potential which 
occurs when the tube begins to conduct will, in the absence of an appro¬ 
priate screen grid, be capacitively coupled to the grid corresponding to 
and will be fed through the capacitor C back to the driving circuit, 
where it may be objectionable, particularly if the driving circuit is a 
flip-flop. The design of the input voltage dividers for this circuit is sub¬ 
stantially the same as for the inverter except that the cut-off character¬ 
istics of each grid must be considered individually. The pentagrid tube 
type 5915 has been developed specifically for this application. In thin 
tube, the first and third grids (counting from the cathode) are the con¬ 
trol grids, the second and fourth grids are screen grids, and the fifth grid 
is a suppressor grid. The two control grids have been designed to make 
their electrical characteristics approximately equal in spite of their dif¬ 
ferent physical positions in the tube. So far as is known, no serious at¬ 
tempt has ever been made to develop a tube of this category with three 
or more control grids. 

A circuit for obtaining a negative pulse from a positive-going wave 
form is shown in Fig. 3-7(b).«The two resistors form a voltage divider 
which normally holds the grid below cut-off potential. The positive- 
going signal at the input will cause the tube to conduct and supply a 
negative output pulse. The duration of the output pulse is determined 
by the time constant of the resistor-capacitor combination and by the 
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various circuit parameters, particularly the grid cut-off voltage. If the 
input signal is a positive pulse of short duration, the duration of the 
output pulse will, of course, be limited accordingly. An important need 
for a circuit of this type is found when one tube must supply pulses for 
operating several flip-flops as at point T, for example, in Fig. 3-6. For 
(liis purpose the tube is usually a pentode instead of a triode. The fact 
that the tube is conducting for only a small portion of each cycle allows 
a relatively large anode current to be drawn without exceeding the 
power rating of the tube, and a large current may be needed to drive 
(lie load created by the flip-flops and the stray capacitance in the wiring 

10 them. Although minor modifications in the logical array are needed 
!o incorporate this circuit, its purpose is more to satisfy engineering re¬ 
quirements than to provide new logical functions. 

A “pull-over'’ tube for operating a flip-flop is shown in Fig. 3-7(c). 
Tubes Vi and V 2 in this circuit form a flip-flop of the type described 
previously. If a positive pulse is applied at the grid of F 3 , the anode po¬ 
tential of this tube and of V 2 will be caused to drop. The flip-flop will 
I hen be “pulled over” into the stable state where V 2 is conducting (if it 
was not already in this state). The pull-over tube would in most in¬ 
stances be used in addition to the normal capacitor inputs to the grids of 
I lie flip-flop. A distinguishing characteristic of the pull-over tube is that 
an input signal at C can be made to override any input signals at the 
y,ri<ls of T r i and V 2 by choosing a sufficiently long time constant for the 
Input circuit for F 3 . Alternatively, the input circuit for F 3 can be of the 
lype described for the inverter, and in this case the flip-flop will be held in 

• me stable state throughout the time that the input signal to the pull-over 
tube is positive. One application of the pull-over circuit is in the resetting 
nl the flip-flops in a counter circuit, such as the ring counters in Fig. 3-6, 
nr in any other circuit where the output signal from one flip-flop is used 
In flip another flip-flop. In a sense, the pull-over tube is merely a varia- 
I mu of the parallel inverter switch with V 2 and V s acting as the inverters. 

11 is possible to design logical arrays without this particular variation, 
bill not without much extra equipment in many cases. For some applica¬ 
tion a pull-over tube on each side of the flip-flop is useful. 

Diode switching circuits may be incorporated in the system of logic 
in n straightforward way although it is frequently found advantageous 
In employ cathode follower circuits for current amplification as indi- 

• iiIimI in big. 3-7(d). Cathode followers are somewhat better adapted to 

I In driving of diode or circuits as indicated in the figure than diode and 
< m inis. 'The reason is that the output line is pulled positive by the cur- 
m ill iii (he lube for the on circuit, but if an and circuit were being driven, 

I I would be necessary for the current through the cathode load resistor 
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to pull the output line in the negative direction, the tube being required 
to pull against this load when the input signal is relatively positive. In j 
fact, when driving an or circuit there is no need for the cathode load 1 
resistor shown in the figure; the resistor in the or circuit will serve this 
purpose. With diode switching circuits having more than one level the 
design considerations are as outlined in the previous chapter. It is pref- 
erable to arrange the logic so that the first level of switching after the 
cathode followers is an or level for the reason just mentioned. If this 
first level contains an and switch the selection of an appropriate cathode I 
load resistor offers substantially the same problems as the design of an 
extra level of diode switching. As a general rule it is not convenient to 
design multilevel diode switching circuits to handle pulse-type signals 1 
in this system of logic. Instead, the diode switching circuits are used in 
applications where certain logical functions of relatively steady-state I 
signals are required such as, for example, in sensing when flip-flops 3 and 
7 in Fig 3-6 are both on. The advantage to be gained from the use of j 
diode switching circuits is in the cost of the diodes relative to the cost 
of the vacuum tube switching circuits. However, because of the need for 
cathode follower tubes, the cost advantage is realized only when the logi¬ 
cal function is reasonably complex and is not apparent in the simple 

examples which have been cited. . JB 

When the logical function to be performed is a single or function the 

diodes can be eliminated with the rectifying function being performed j 

by the cathode followers themselves as indicated in Fig. 3-7 (e). The 

output line of this circuit will be positive when A or B (or both) is posi- 

tive. . 

Inverters can also be used to drive diode switching circuits, but they 

are better suited to the driving of and circuits as indicated in Fig. 3-7 (f). 

When driving and circuits the anode load resistors may be eliminated, 

the resistors in the diode circuits acting as the load; but when driving or 

circuits the anode load resistors introduce problems similar to those en- 

countered from an extra level of diode logic. In principle, the output of 

a flip-flop circuit could be used to drive diode switching circuits in a 

similar manner, but the stray pulses fed from one diode input line to 

other input lines through the nonideal diodes which must be used ar« 

often sufficient to cause extraneous flipping of the flip-flop. . J 

Diode Logic in the Feedback Path of the Flip-flop. Since cathode 

followers are usually needed for current amplification when diode switch- 
ing circuits are used with flip-flops, it is possible to gain certain advan¬ 
tages without an increase in cost by placing a cathode follower and the 
diode circuits in the feedback path formed by the two inverters in a 
flip-flop. An example of this scheme is shown in Fig. 3-8(a). The tw« 
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inverters and the cathode follower are inclosed by dotted lines, and the 
symbol which will be used for the circuit is given in Fig. 3-8 (b). It hap¬ 
pens to be convenient to consider the voltage dividers as being on the 
output side instead of the input side of the inverters. 



(o) (b> 

Fig. 3-8. Diode logic in the feedback path of the flip-flop. 


II the grid of the left-hand inverter is initially negative, a positive 
tlgiml applied to C or to A and B will bring the grid positive, and then 
through the double inversion action of the inverters the output signal 
1 1 oin (he cathode follower will hold this grid positive. The circuit will 
H main in this new stable state regardless of the combinations of input 
♦•irmils subsequently applied to A, B , and C. The circuit must be reset 
lo II-m initial state by other means such as by the application of a positive 
• irmil at the point marked reset in the figure. The resetting action is 
I hr Maine as with the pull-over tube described previously. In a sense, the 
pull over could be considered as being in the feedback path also. An 
♦ill iunative method of resetting the circuit is to raise the potential at 
I ho grid of the second tube by applying a positive signal at the point 
In llu* circuit marked alternative reset. The tube connected in this 
pm I of the circuit functions in a manner similar to that of a cathode 
liillowor, the load being the resistor in the bottom part of the correspond¬ 
ing voltage divider. 

iiiii’ possible advantage of the arrangement shown in Fig. 3-8 is that 
Ipm ml circuits for flip-flop need not be designed. The binary storage 
function can be obtained with inverters and other circuits which are 
Mildly the same as used for other logical functions. Also, when the cir- 













88 Digital Computer Components and Circuits 

cuit is employed as described it need not be well balanced with closely 
matched components as is sometimes required with ordinary flip-flops, 
particularly when they are operated in a complementing fashion. 

The inclusion of a cathode follower with diode switching at the grids 
of each of the two inverters forming the feedback loop is an obvious ex¬ 
tension of this concept. Also, by appropriate modifications in the diode 
circuits it is possible to cause the circuit as a whole to respond to nega¬ 
tive instead of positive signals at inputs corresponding to A, B, and C. 

The scheme of including a cathode follower and diode switching in the 
feedback path of a flip-flop is utilized in IBM’s type 650 calculator, 
where the circuit is called a “latch” instead of a flip-flop. The latch is 
said to be “set” by the relatively steady-state signal received through 
the diode switching array, and it may be “reset” by any of several dif¬ 
ferent methods, two of which have been mentioned. 

A System of Circuit Logic Based on the Inclusion of Diode Switch¬ 
ing in the Feedback Path of a Flip-flop. Since the significant difference 
between the circuit of Fig. 3-8 and the flip-flop described previously is 
only in the fact that the circuit is “pulled” into one state or the other 
by the action of steady-state signals rather than flipped by pulse-type 
signals applied through capacitors, a system of circuit logic based on the 
circuit will differ from the previous system only to the extent that this 
concept can be utilized. Although the resulting logical array may be 
quite different in any given application, no new principles are encoun¬ 
tered. However, the circuit is interesting from the standpoint of illustrat¬ 
ing what is necessary in developing a complete system of circuit logic. 

The circuit shown in Fig. 3-8 comes very close to providing a com¬ 
plete system of circuit logic in itself. The and and or functions are ob¬ 
tained from the diodes, storage is obtained from the feedback path, and 
inversion can be obtained by using the output signal from the first as 
well as the second inverter in the circuit. In spite of the fact that all of 
these functions are contained in the circuit as shown, it is usually found 
to be quite difficult if not impossible to assemble building blocks of this 
type unless some means is installed for causing the circuit to be respon¬ 
sive only to suddenly changing (step function) signals or pulse-type sig¬ 
nals on certain of the input lines. The need for this feature is difficult to 
explain, although it becomes apparent to anyone who attempts to de¬ 
sign logical arrays without the feature. An ordinary ring circuit is an 
elementary example that illustrates the problem. It does not seem to bo 
possible to design a ring where all flip-flop changes are performed by A 
“pulling-over” process in contrast to a flipping process unless consider¬ 
able extra equipment is used in the manner described in the next section 

for the d-c system. I 
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As an illustration of one instance in which logic in the feedback path 
has been used, a ring circuit (with pulse operation) is shown in Fig. 3-9. 
The inverter which is initially conducting in each flip-flop is indicated by 
an X. The first positive pulse applied to the input line will change the 
nlate of the first flip-flop in the ring but will not affect the others. When 
the first flip-flop changes state the positive-going signal obtained from 


_ruui_ 



Fig. 3-9. A form of ring counter. 


flic anode of the second inverter is applied through a coupling capacitor 
In the grid of the second inverter in the second flip-flop. This signal at the 
I'lnl will initiate conduction in the corresponding tube and change the 
•Into of the second flip-flop. If the positive signal at the grid is allowed 
In dissipate before the input pulse has terminated, the second flip-flop 
"ill not change state. Therefore, the capacity of the coupling capacitor 
together with the resistance values in the flip-flop must be~ chosen to 
\ a id a time constant such that the grid in the second flip-flop will hold 
11 to inverter in a conducting condition longer than the duration of the 
Input pulse. The second input pulse will then return the second flip-flop 
In Hs initial condition, and the signal from the second flip-flop will re- 
'• mo the state of the third. Successive input pulses will continue this 
•ti'pping action in a similar manner. Because of grid current and other 
engineering considerations, it may be preferable to alter the connections 
In Uio diodes and operate the ring with negative input pulses, but from 
I In* standpoint of circuit logic either polarity of pulses may be used 
Hjimlly well. 

Tilt D-C System of Circuit Logic. It has already been mentioned 
Und when developing a system of circuit logic, a need for pulse-type 
UmiihIh is frequently encountered when fitting the logical building blocks 
Iher to form various computer functions. When the factors are ex- 
mihIhimI critically, it is discovered that the fundamental need is not for 
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the pulses themselves, but for a transient storage facility. For example, 
the several flip-flops in a ring counter must first of all be capable of 
storing the status of the counter when it is in its quiescent condition. 
Further, when the counter is changing from one state to another in re¬ 
sponse to an input, the circuit must be capable of storing information I 
related to both the initial and final states of the counter. There does not 
seem to be any infinitely sharp point in time prior to which it can be I 
said that the counter is in its initial state and after which it is in its final 
state. Another example of where the need for a transient storage facility j 
is encountered is in a simple complementing flip-flop. The feedback path 
in the flip-flop provides for the storage of a 0 or 1 in the steady-state 
condition, but when the circuit is in the process of changing to its oppo-l 
site state in response to an input pulse on the common input line, there 
must be some storage facility which will allow the flip-flop to remem-1 
ber” which way it is going. In the case of the complementing flip-flop an 
analysis of the situation will show that this additional transient storage 
facility is in the capacitors in the circuit. Specifically, the capacitor! 
which are connected between each anode and its opposite grid have quite 
different voltages impressed across them during the transition proces8 f l 
and through this unbalance in voltages the proper direction of transition 

is maintained. I 

The thought has sometimes been expressed that the use of capacitors 

and pulse-type signals for temporary storage (or for any other purpose) 

contains an element of unreliability. The suspected unreliability arises 

from the fact that when a signal is passed through a capacitor it is not 

sufficient that the amplitude of the signal be within the design tolerances, 

It is also necessary that rise or fall time, or both, of the signal when it 

changes from one voltage level to the other be within the limits for 

which the circuit was designed. By using extra flip-flops for the temporary 

storage and by employing a “direct-coupled” or “d-c” system of intord 

connecting the logical blocks it is possible to eliminate the dependent 

of the circuits on the rise and fall times of the signals. Whether or nofl 

the concern for the reliability of condenser operation is justified, an apd 

preciable amount of engineering effort has been applied to the task of 

developing a d-c system of circuit logic which avoids the need for sending 

signals through capacitors. Instead, the logical blocks are coupled to 

each other in a direct fashion so that a steady-state output signal from 

a given block will produce the desired response at the other blocks to 

which it is connected. . J 

The circuit which was shown for incorporating diode switching in tlm 

feedback path of a flip-flop is an example of the d-c technique. Howeve r, 

the d-c system is being discussed as a separate topic because even though 


Vacuum Tube Systems of Circuit Logic 91 

the circuits can be the same in some cases, the concept of placing switch¬ 
ing in the feedback path is quite different from the concept of avoiding 
capacitor coupling. In the d-c system of circuit logic the object is to 
provide a means whereby each logical element is operated in a direct and 
reliable fashion with the logical elements encompassing both the ordinary 
and transient storage requirements of the computer operation being per¬ 
formed. Conceptually, the storage elements can be entirely separate from 
the other logical functions which must be performed. Incidentally, “d-c” 
can be interpreted to mean “direct-current” (which is the usual meaning 
of | lie abbreviation in other applications) as well as “direct-coupled.” 
Although the potential on a signal wire changes back and forth between 
two different values in accordance with the binary signal being repre- 
nriitrd, during the time that a given binary signal is present the potential 
nl I he wire is held constant. During this time both the driving and the 

loud circuits operate in “direct-current” fashion. 

A circuit corresponding to the complementing flip-flop discussed in a 
preceding section is presented in Fig. 3-10 as an example of the d-c sys- 
lem of circuit logic. In this figure tubes V\ and V 2 are connected in a 



Km. 3-10. Complement in# flip-flop in the d-c system. 
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flip-flop circuit and they perform the ordinary storage function. Tubes 
V 3 and V 4 are also in a flip-flop circuit, but the purpose of the storage 
capabilities of this pair of tubes is to provide the transient storage which 
is needed when the status of the first flip-flop is being changed. Either 
flip-flop may function in either role although it is convenient to visualize 
them in the manner indicated. Tubes V 5 through V s are in gate circuits 
which are for the basic purpose of providing and functions, and tubes 
V 9 through V \2 are in parallel inverter circuits which are also for the 
basic purpose of providing and functions. The particular circuits which 
are shown in the figure should not be interpreted as being an integral 
feature of the d-c system; they are, however, typical of the circuits found 
in practice. 

For purposes of explanation it may be assumed that the cut-off voltage 
for the tubes in Fig. 3-10 is —5 volts and that the voltage dividers and 
other parameters in the flip-flops are selected to carry the grid potentials 
between 0 and —20 volts for the conducting and cut-off states, respec¬ 
tively. Two input lines, A and B, are required to operate this circuit. 
Negative signals are applied alternately to A and B and are timed as 
indicated in the graph at the bottom of the figure. The voltage level of 
the signals is assumed to change from +10 volts to —10 volts and back 
again. It may be further assumed that V 2 and V 4 , which are indicated 
by X’s, are initially in the conducting state and that this state represents 
the storage of a 0. All of the tubes V 5 through V 8 will be in the cut-off 
condition at this time, but when the negative signal is applied at A , V 7 
will start to conduct at the time the potential at A drops below +5 volts, 
because the grid of V 7 is connected to the grid of V 2 and is therefore at 
ground potential. As the potential at A continues to drop, V 7 will con¬ 
duct sufficiently to cause the transient flip-flop to be pulled over to its 
other stable state. When A is returned to its positive value V 7 will be¬ 
come cut-off again, but no other action will take place. The grid of \\ 
will now be held at ground potential so that a negative signal at B will 
reverse the state of the ordinary flip-flop by a similar process, and the 
circuit may be visualized as storing a 1. Subsequent signals at A and B 
will return the circuit to its initial condition. 

The output signals C and D from this version of a complementing 
flip-flop are provided by tubes V 9 through V 12 . These tubes are connected 
in cathode follower circuits that act like two and functions for negative 
signals. Output C is negative when V 2 and F 3 are conducting, and output 
D is negative when V 4 and V 4 are conducting. The voltage dividers at 
the inputs to the cathode followers are designed to allow the output sig¬ 
nal to rise at least to +10 volts and to drop at least to —10 volts for 
supplying the signals necessary to operate another circuit of this type. 
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The diodes on the output lines are for limiting the swing of the output 
signals to the voltages indicated. Note that the frequency of the output 
signals is just half of the frequency of the input signals. This relation¬ 
ship is the same as for the previously described complementing flip-flop 
and is as required for binary counter service. 

The two separate A and B inputs to the d-c flip-flop are an obvious 
diHiidvantage, and it would be preferable, if possible, to combine the 
input signals by making one the inverse of the other. In this case B 
could be obtained from A by passing A through an inverter. Also, the 
I wo output signals could be obtained directly from the appropriate tubes 
in the ordinary or transient storage flip-flops. Although it does happen 
to turn out to be possible to make A and B the inverse of each other, 
• n roful attention must be given to the various signal levels in the design 



In insure that the two individual flip-flops function in the proper se¬ 
quence. The input levels of +10 and —10 volts, which were previously 
iinnI for A and B, are not correct for this purpose; but a different situa- 
I h m exists when the corresponding levels are chosen to be +17.5 and 
,r> volts, respectively. A and B , with one the inverse of the other, are 
shown with an expanded scale in Fig. 3-11. With tubes having a cut-off 
t ullage of —5 volts as before, F 5 through V 8 in Fig. 3-10 will conduct 
s'lieu the respective input signal is more negative than —5 volts. The 
Isso input signals will therefore cause conduction at times indicated by 
Hie shaded areas in Fig. 3-11. The important feature of this arrangement 
i I hut the gate tubes corresponding to A and B, respectively, will never 
hi' in the conducting condition at the same time, and the circuit will 
function properly. If B is obtained by passing-A through an inverter, 
I lit' delay in the inverter must also be taken into consideration to the 
i< s i rnl that it must be known that the fall time of A will never be less 
I him I lie delay in the inverter; otherwise, gate tubes for both the ordinary 
mimI transient flip-flops will be conducting at the same time, and incor- 
rwt operation may result. 
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Another circuit employing the d-c system of logic is shown in Fig. 3-12 
to illustrate some of the factors involved in extending the d-c concept to 
the control circuits of a computer. Input signal A is a negative signal 
which may be used elsewhere in the computer for functions such as oper¬ 
ating a complementing flip-flop of the type just described. In this case 
A is also to serve the purpose of changing the state of the flip-flop desig¬ 
nated by F in Fig. 3-12. The flip-flop in turn, is to produce an output 
signal, E , which is to be used to initiate other functions in the computer. 
The assumed problem is to generate E only when it is assured that the 
functions controlled by A are completed. Signal A may be applied directly 



Fig. 3-12. An example of the d-c system in control circuits. 


to the cathode of tube Vi if the functions controlled by E are to follow 
the functions controlled by A in every case. If the E functions are to 
follow the A functions only under certain circumstances, A is passed 
through a switching network which allows the circuit for E to come into 
action as required. When A reaches V\ the potential of the cathode of that 
tube will be lowered from 4-10 to —10 volts in accordance with tin* 
originally assumed values for the signal levels, and the conducting tube 
in the flip-flop will be changed from V 2 to V s by same pull-over action 
described before. However, the grid of V\ is returned to a voltage supply 
of —5 volts. Since the grids of the other gate tubes which A brings into 
conduction are assumed to be a ground potential, there is a 5-volt margin 
of safety in the sense that if the flip-flop F is actuated, a good indication 
is established that all of the other flip-flops controlled by A were also 
actuated. If F is not actuated, no signal will be generated at E, and the 
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remainder of the computer control circuits are such that the computer 
will stop at this point. 

There are other features in the circuit of Fig. 3-12 to insure its proper 
operation. The negative output signal is not taken from the grid of V 2 
in F, as would be possible. Instead, the positive signal is taken from the 
grid of Vs and then inverted by that part of the circuit which includes 
1 The reason for this arrangement is that the grid of Vs is the last 
electrode in F to change potential, and if a positive signal is obtained at 
I his point, it may reasonably be assumed that F has actually changed 
white and that the output signal is not merely an extraneous bypassing 
nl A. Through the action of V 5 and F 6 the output signal E is not allowed 
lu become negative until the input signal A has returned to its positive 
condition. Tube V Q acts like an ordinary inverter except that its cathode 
in held slightly more than five volts positive with respect to ground by 
l Ik* cathode follower type of action of V 5 , the grid of which is returned 
Ion supply of +5 volts. In this way it is assured that the anode potential 
ol r« will not drop until A has returned to a potential which is sufficiently 
positive to indicate a definite completion of all other operations controlled 
by A. Tubes V 7 and V 8 form an ordinary and function for negative sig¬ 
nals. 

Klip-flop F in Fig. 3-12 is returned to its initial state by a negative sig- 
mil applied to the line marked reset in the figure. The reset signal would 
come from the circuits controlled by E , and these circuits would be ar- 
iiinged in a manner to produce the reset signal when the respective oper¬ 
ations are completed. Also, E would be used to control another circuit 
Hinilnr to that in Fig. 3-12. When E becomes negative it sets the flip- 
flop in that circuit, and then when it is returned to its positive level upon 
completion of the functions being controlled, a negative signal is caused 
In appear on the next control line for analogous purposes. 

In addition to the potential advantages of reliability, the d-c system 
ol circuit logic offers the advantage of providing a means for simplified 
• ■it vicing. By opening the circuit connections at certain points the com¬ 
pilin' can be stopped at specified steps in its operation, and the status of 
i ki’Ii individual circuit can be observed. An obvious disadvantage is that 
mInin frequently encountered functions, such as the complementing 
flip flop for example, require many more components than in the case 
wilh other systems of circuit logic. Another disadvantage is that it is 
quite difficult to find logical configurations for performing even some rather 
wimple computer functions. A decimal counter, for example, not only re¬ 
quires a large number of components but is quite complex in the d-c 
Mvwt.ein, particularly in comparison with the many decimal counters that 
cun be devised with ease in other systems of logic. Of course, a decimal 
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counter is not a necessary requirement even in a decimal computer, but 
there are many special-purpose applications for which counters are use¬ 
ful. Also, the potential reliability advantage is a matter for some specu¬ 
lation. Excellent operating results have been obtained for computers 
employing pulse-type signals as well as from computers of the d-c type. 
Conservative design, quality control in component manufacture, preven¬ 
tive maintenance, and other factors influence reliability so strongly that 
it has not been possible to make a precise determination of the effect of 
the system of circuit logic. It might be remarked incidentally that capac¬ 
itors, the use of which is avoided in the d-c system, have been known to 
be the source of difficulty in some computers. With certain styles and 
brands of capacitors, arcs through the insulation between the plates will 
occasionally occur and then disappear automatically. This source of er¬ 
rors in a computer can be very difficult to locate. However, when ca¬ 
pacitors are appropriately designed and constructed they are far more 
reliable than tubes and many other components used in computers, and 
such capacitors are readily available. J 

The d-c system of circuit logic was developed largely at the Princeton 
Institute for Advanced Study and at the University of Illinois and is 
used extensively in computers built at these institutions. These comput¬ 
ers include the IAS Computer at the former institution and the ORDVAC 
and ILLIAC at the latter institution. 

Asynchronous Operation. Although the term was not used in the 
previous section, the d-c system of logic is usually associated with a mode 
of operation known as asynchronous. In an asynchronous computer there 
is no fixed time relationship between the various signals in the machine 
as there is with most other systems of logic. Instead, each operation pro¬ 
ceeds at a rate determined by the parameters of the circuit performing 
the operation. When the operation is completed a signal is produced 
which initiates the next operation. The circuit in Fig. 3-12 is a good ex¬ 
ample of the asynchronous technique as well as an example of the d-c 
system. 

A Variation in the D-C System of Circuit Logic. Fig. 3-13(a) 
shows a bistable circuit where the feedback method is somewhat differ¬ 
ent from the method of feedback found in the more conventional flip-flop. 
In this circuit, which is also called a flip-flop, tube V\ acts as a voltage 
amplifier and V 2 as a current amplifier. From the standpoint of input 
signals to the grid of Fi, this tube is in an inverter circuit, but the return 
path from V 2 is to the cathode of Fj, with the result that the returning 
signal is not inverted. The circuit for V 2 is an ordinary cathode follower 
except that there is a tap on the output load resistor to provide a signal 
at the proper potential level for operation of V x . Capacitor ( 7 , is not 
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Fig. 3-13. Flip-flop variation 


fundamental to the operation of the circuit, but it improves the speed of 

transition from one stable state to the other. 

The operation of the circuit can be understood by considering the re¬ 
sponse of the circuit to a slowly varying potential applied to the grid of 
I',, The input circuit containing diodes JDi and D 2 may be neglected for 
the moment, and the voltage values which will be mentioned are for pur¬ 
poses of illustration only and can be varied over wide limits through the 
appropriate selection of circuit parameters. The output potential as a 
function of the F, grid potential is indicated in Fig. 3-13 (b). When the 
(i.i id is held at a highly negative potential, Vi is cut off, and the resulting 
positive anode potential at this tube is applied to the grid of V 2 and 
noises the output potential to be positive. However, the current through 
/,*, and D 3 to a +30 volt supply clamps the output potential to an upper 
limit of +30 volts. (The relatively small difference in potential between 
| he grid and cathode of the cathode follower tube V 2 may be neglected 
fur purposes of explanation.) As the grid potential of Vi is changed in 
ii positive direction Vi will start to conduct, and when the current drawn 
llimugh li > is great enough to lower the anode potential below +30 volts 
l In;- reduced potential will be applied at the cathode of Vi and will cause 
mi increased amount of current to flow in Vi. This regenerative action 
will continue until an equilibrium condition determined by the circuit 

parameters is reached. 

The parameters are chosen to make the output potential negative at 
equilibrium in the absence of however, diode D 4 clamps the output 
potential at ground as a limit to the swing in the negative direction. If 
(lie grid potential of Vi is now changed further in the positive direction 
in is returned toward more negative values, there will be a correspond- 
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ing increase or decrease in current through this tube, but the cathode 
potential will change in the same direction as the grid potential because 
of the changing current in R±. Tube IT may be viewed as tending to act 
like a cathode follower with R± as a load resistance, or U 4 may be viewed 
as inserting negative feedback in the IT circuit. In either case, the volt¬ 
age amplification of IT is diminished when the circuit is in this high con¬ 
ducting state. Also, there is a voltage reduction in the feedback loop from 
V 2 to V i from the fact that R% and E 4 act like a voltage divider for the 
signal from V 2 to IT. The net effect is that the voltage gain in the loop 
is less than one, and the circuit will remain in this relatively heavily 
conducting condition. 

Although the amount of current flowing at various points in the circuit 
will be dependent upon the grid potential at IT, no regenerative feedback 
action will occur until the grid is returned to a potential sufficiently nega¬ 
tive to take IT out of the region where it acts like a cathode follower. 
The current through V 2 will not allow the cathode potential of IT to drop 
below a certain minimum. Therefore, as the grid potential of IT is low¬ 
ered, a value will be reached where the current in IT becomes diminished 
at a more rapid rate. The effect is to create a larger amplification factor. 
When this factor becomes greater than one, the positive-going anode po¬ 
tential at V\ will be reflected through V 2 to the cathode of IT and will 
rapidly carry IT to a completely cut-off condition. When the IT grid 
potential is in the range indicated by the two vertical lines in the graph 
of Fig. 3-13 (b) the circuit can exist in either one of its two stable states. 

The circuit can be set to one state or the other in accordance with a 
signal on an input line by first resetting the circuit to the positive output 
condition. The resetting can be accomplished by temporarily driving the 
reset line, which is connected to the grid of IT, from its normal potential 
of —20 volts to —50 volts. After returning the reset to its normal poten¬ 
tial, the potential of the transfer line is driven from +30 volts to —20 
volts. If the input is at +30 volts, there will be no effect on the flip-flop, 
because of the low forward resistance of Di, but if the input potential is 
at ground, the grid potential at V 2 will be pulled in the negative direction 
by current through D 2 and the flip-flop will be set to its negative output 
condition. 

A primary purpose for using a flip-flop of the kind indicated in Fig. 
3-13 (a) is in the fact that the output signal is taken from a cathode fol¬ 
lower type of circuit which is capable of driving heavy loads and which 
is less sensitive to extraneous pulses and signals appearing on the out pul 
line from other sources. The same effect can be achieved with convcn 
tional flip-flops, but the cathode follower which must be used is in addi 
tion to the two triodcs in the flip-flop and therefore adds to the cost. Tim 
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cost saving in the flip-flop described here is counterbalanced to some 
extent by the fact that an output signal of only one polarity is produced, 
and for this reason more inverters would be needed in some applications 
Ilian w r ould be required for the conventional flip-flops which are capable 
of producing output signals of both polarities. 

W hile the and switches, or switches, inverters, and other circuits used 
with the nonsymmetrical flip-flop with cathode follower output are dif¬ 
ferent in their details from the corresponding circuits used with conven- 
tional flip-flops, substantially the same systems of circuit logic, or com¬ 
binations of them, can be applied. A system of circuit logic based on the 
nonsymmetrical flip-flop with cathode follower output was developed for 
n hc in the NAREC computer at the Naval Research Laboratory. Al- 
I bough much of the circuit logic in this computer is of the d-c type, the 
pulse signals which can be obtained by passing a changing d-c signal 
lb rough a capacitor are utilized frequently. 
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Fig. 3-14. Diode gate system of circuit logic. 


The Diode Gate System of Circuit Logic. Fig. 3-14 illustrates a 
• n I cm of circuit logic where the anode output signals from the flip-flops 
urn passed through cathode follower circuits for isolation and current 
mii iplification to switching networks composed mainly of inverters and 
diode switching circuits of the types described previously. The output 
linen from the switching networks are used as the d-c input signals to a 
diode gating circuit of the type shown in Fig. 2-11. The a-c or pulsed 
uiptii is a continuous series of clock pulses applied at the point indicated 
In Fig. 3-14. The potentials of the output signals from switching networks 
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are all one of two different values and are assumed to be +10 and —25 
volts in this illustration. If the negative clock pulses swing between these 
same two levels and if the gating signal is at the +10 volt level, a negative 
pulse will be applied at the flip-flop input to which the gate is connected. 
This negative pulse will cause the tube in the corresponding side of the 
flip-flop to be the one which is in the cut-off condition, whether or not the 
flip-flop was already in this stable state. In cases where the flip-flop is 
connected in complementing fashion like the one at the left in the figure, 
or in cases where it happens to receive pulses at the same time from sep¬ 
arate diode gate circuits, the flip-flop will be changed to the opposite 
stable state from the one it was in previously. 

As indicated in Fig. 3-14 each flip-flop may provide d-c input signals 
to several different switching networks, and output signals from both 
sides of each flip-flop may be used if desired. Also, a given switching 
network may provide several output signals, each of which is a different 
logical function of the input signals, for the control of several flip-flops. 
It is further possible to have the output signal from one of the gates 
control a flip-flop which is in turn providing one the input signals to the 
switching network controlling the gate. A feedback loop of this type is 
indicated in the figure. For this system of logic to function properly it 
is necessary that the resistor in each gate be large enough to prevent any 
appreciable charging of the condenser during the time that the clock 
pulse is being applied. Since the input signals to the switching networks 
will, in general, change at the time of each clock pulse, the output sig¬ 
nals from the switching networks will change also. However, it is de¬ 
sired that the output of the diode gate circuit be unaffected at this time. 
The changed output from the switching network is used to determine 
whether or not a pulse shall pass at the time of the next succeeding 
clock pulse. On the other hand, the resistance should not be so large 
that an excessive amount of time is required to charge the capacitor; 
otherwise the time between successive clock pulses would have to be too 
great for high speed computer operation. Also, if a d-c signal must pass 
through a large number of switching networks before arriving at a gate 
circuit, consideration must be given to the speed of the operation of the 
network circuits together with the amplifiers used for maintaining the 
signal at the proper voltage and current levels. 

The major concept of this system of logic can be expressed in another 
way. All of the flip-flops in the computer are actuated by clock pulses 
which divide time into a series of steps. The status of each flip-flop ill 
any given time step is a logical function of one or more (perhaps all) of 
the flip-flops in the computer at the previous time step. For any given 
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flip-flop, one of the flip-flops of which it is a function may be the given 
flip-flop itself. The logical functions performed by the switching networks 
in this system of circuit logic are straightforward combinatorial functions 
of a kind well adapted to representation by Boolean algebra. In fact, an 
outstanding advantage of this system in comparison with other systems 
is that circuit configurations capable of performing the various computer 
functions that might be required are relatively easy to develop. The rela¬ 
tive ease arises from the fact that the circuits are well-ordered, and 
therefore the functioning of a multiplicity of logical blocks is readily 
visualized. Also, the Boolean notation assists in forming mental pictures 
of the detailed operation of the numerous signal lines and in some cases 
provides means for finding improved logical configurations. 

With a suitable system of notation the concept mentioned in the previ¬ 
ous paragraph can be extended to include the entire electronic portion of 
m computer. The electronic part of a computer is visualized as consisting 
of two principal types of functions, storage and switching. At each time 
slcp the binary digit stored in each storage element (whether the storage 
dement is a flip-flop or a storage cell in the large-capacity storage sys- 
lems) is a logical function of digits in the storage elements at the previ¬ 
ous time step. The switching networks are not necessarily a large number 
of relatively small networks, but the switching circuits in the machine 
cun be viewed as being one large multi-input and multi-output network. 
In (his way the entire computer can be represented in a Boolean algebra 
HVHlcm of notation, and the need for block diagrams and circuit diagrams 

U diminished. 

A system of circuit logic similar to the one described here is employed 
in Home of the control circuits in IBM types 702 and 705 calculators, but 
not to the extent indicated as being possible. Elementary examples of 
I Ins system of logic are presented in the chapter on counters. 
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Fig. 3-15. Delay unit. 
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The Delay Unit. “Delay unit” is the name given to a certain circuit 
which performs a function similar to the flip-flop with diode gates, but 
the manner in which this function is performed is quite different. The 
circuit for the delay unit is given in Fig. 3-15(a). There is no delay line 
or transmission line of any kind in the delay unit; however, the output 
signal does appear delayed by one time step after the input signal. 

The principle on which the circuit functions is the storage of a charge 
on a capacitor with C 2 in Fig. 3-15 acting as the storage capacitor. Two 
separate clock pulses are used for charging and discharging this capaci¬ 
tor; in this application the pulses have been given the names of “sync” 
and “clamp” pulses, respectively. The sync pulse is applied to the grid of 
Vi through a diode and switch consisting of Z)i and D 2 . The input to the 
and switch is from the binary input to the delay unit. Both the input and 
the sync pulse will be assumed to swing between +10 and —30 volts. If 
the input potential is at the +10 volt level, the sync pulse will cause V\ 
to become conducting during the time that the sync pulse is positive. 
When the sync pulse becomes negative again and the tube is cut off, a 
positive pulse will appear at the anode of V\ and will be applied through 
Ci and Z ) 4 to charge C 2 . As indicated by the graphs in Fig. 3-15 (b), a 
cycle of operation is considered to be started at the time when V\ is cut 
off. Immediately after this time a negative clamp pulse is applied through 
D$ to C 2 . 

When the input signal is negative at the start of the cycle, the clamp 
pulse will pull the potential of the top plate of C 2 down to —30 volts. The 
potential cannot become more negative than this value because of diode 
Z) 3 , which is connected to a —30 volt supply. On the other hand, when 
the input signal is positive at the start of the cycle and the positive pulse 
from the anode is obtained, this positive pulse will override the effect of 
the clamp pulse and will cause C 2 to become charged to +10 volts, and 
the action of D 5 and the clamp line will prevent the potential from be¬ 
coming more positive than this value. An inductance, Li, is used instead 
of a resistance in the anode circuit of V\ because the collapsing magnetic 
field in the inductance will produce a stronger positive pulse than can 
be obtained from a resistance alone, and the output from the tube will 
therefore be more effective in overriding the clamp pulse. Tube V 2 in 
connected in a cathode follower circuit for providing current amplifica¬ 
tion of the signal appearing across C 2 . The output signal from the cath¬ 
ode follower may be used to drive diode switching circuits, which may in 
turn be used to produce the input signals for this and other delay units. 

It is not necessary that the input signal be in one state or the other 
during the entire duration of a cycle. If the input signal is negative when 
the positive sync pulse is applied, the output signal will be in the negfi- 
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five condition for substantially the full cycle time. Similarly, the output 
signal will be positive during the major part of one cycle time if the in¬ 
put signal was positive at the time of the last sync pulse. A slight devia¬ 
tion from the ideal condition occurs because the clamp pulse tends to 
produce a negative dipping in the output w^ave form during the first part 
of the cycle when the output is positive. Even without the disturbing 
effect of the clamp pulse, the output signal is not an exact reproduction 
of the input signal; but an exact reproduction is not necessary or desir¬ 
able. Since the output signal will pass through other circuits before ar¬ 
riving at the input the next delay unit, it is desirable that the output 
signal become positive or negative, as the case may be, at a point in time 
which is as early in the cycle as possible. In this way it is possible to 
allow delay in the other circuits, and the signal will arrive at the next 
delay unit in time to hold its input line at the proper potential when the 

next sync pulse appears. 

The Delay Unit as a Basis for a System of Circuit Logic. When 
using the delay unit in a system of logic, storage is obtained from feed¬ 
back, but the principle of operation is quite different from the feedback 
scheme employed in flip-flops. The delay unit circuit for storing one 
binary bit of information is shown in Fig. 3-16(a). The block marked 
URL ay unit in this figure contains the circuitry as given in Fig. 3-15. The 
symbols for the inverter and cathode follower are the same as were used 
before; the output from this block is the inverse of the input and is 
capable of driving the and switch formed by diodes D\ and D 2 . 

When no signal is applied to either input line, the output from the in¬ 
verter is positive and the output from the delay unit is allowed to return 
back to its own input through the diode and switch and through the or 
switch formed by D% and D±. In this way the positive or negative signal, 
whichever it may be, in the delay unit will be regenerated at the begin¬ 
ning of each cycle. The circuit can be forced into the condition where a 
negative signal is being recirculated by applying a positive signal at the 
input to the inverter. The negative output signal from the inverter then 
in effect cuts off the recirculation path for positive signals by removing 
| lie necessary condition for passage at the and switch. The circulation of 
n positive signal can be restored by applying a positive signal at the D 3 
input to the diode or switch. The duration of the input signals is not 
critical except that they must be applied during the part of the cycle 
which will cause the signal at the input to the delay unit to be in syn¬ 
chronism with the sync pulse. If the input signals are obtained from 
oilier delay units which are operated from the same sync and clamp 
pulses, the input signals will have the proper timing as explained in the 

previous section. 
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One stage of a shifting register employing delay units is shown in Fig. 
3-16 (b). In the absence of a positive signal on either the shift left or 
shift right line the binary bit stored in the delay unit will be recircu¬ 
lated through Dq by the process which has already been described. If a 


To Left and 
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signal is applied to the shift left line, for example, a positive output 
signal from the delay unit will be prevented from returning to this same 
unit because of the action of the inverter and Z) 5 . Instead, the signal 
present at the output of the delay unit on the right will be allowed to 
pass through the and switch formed by D 3 and D 4 . Since it is assumed 
that the shift left signal will be applied to all units in the shifting register 
at the same time, each of the binary digits stored in the register will be 
shifted to the left one position. An analogous action occurs for a positive 
signal on the shift right line. The or switch formed by D 10 and D X1 
allows either shift signal to be applied to the inverter. The shift signal 
must, of course, be applied at the appropriate time in the cycle relative 
to the sync pulses. If the shift line is held positive over two or more 
cycles, the information in the register will be shifted a corresponding 
number of places to the right or left as the case may be. 

A useful concept to employ when designing logical configurations with 
delay units is that the delay units are arrayed in a number of levels or 
stages with switching networks between each level and the next. An ex- 
fitnple of a logical configuration developed in accordance with this con¬ 
cept is shown in Fig. 3-16 (c). The four input lines at the left in this 
llgure may be assumed to carry four binary digits which represent a 
decimal digit in some suitable code such as the familiar 8-4-2-1 code or 
H io excess-3 code. The block marked double in the figure contains a 
switching network comprised of and switches, or switches, and inverters 
hm arranged that the signals on the output lines from this block represent 
u decimal digit which is twice the value of the input digit. A fifth output 
line from the doubler represents the carry, if any, obtained from the 
doubling operation. In this example the four signals representing the 
doubled digit are sent through four delay units to another doubler, where 
I he output signals represent four times the value of the original input 
digit. The carry output from the first doubler is returned through a fifth 
delay unit to a fifth input to the doubler to be added to the next doubled 
digit, The carry from the second doubler is handled similarly. Also, the 
original digit and the doubled digit are applied to the input lines of an 
adder which yields a digit which is in this case three times the value of 
I Ih» original digit. Extra delay units are used as required to cause all 
mpul signals to arrive at the adder during the same cycle. 

With an arrangement of this type successive digits of a decimal num¬ 
ber can be applied, least significant digit first, to the input lines of the 
array, a new digit being applied during each cycle. Two cycles or time 
"Ii'pM after the application of the first digit of the input number, the 
digltH Of I Ik* tripled and quadrupled number will start to appear at the 
mil pul lines with new sets of output digits appearing at the rate of one 
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per cycle This scheme can be extended in a straightforward manner to 
include other multiples of the input number. The details of the doub mg 
and adding processes are not of consequence here. The important point 
with respect to the system of circuit logic is that at each time s ep 
new set of binary signals can be applied to the input lines, am t 
binary information will “march” through the various stages of delay 
units and will be appropriately transformed by the switching networ s 
at each stage, with feedback used as required for temporary storage. Th^ 
array is “filled” with information, and the various sets of bi y g 
follow one after the other, one cycle or time step apart, from the mpu 

lines to the final output lines. . , 

The system described here for assembling the logical blocks not 

totally different from the diode gate system of circuit logic. A major 

difference between the two systems is found m the c |^its used for 

binary storage, but either storage circuit can be used with elt ^ er syste 

for assembling the logical functions. A relative dmd !“‘XloP are're- 

quired to set it one way or the other, whereas only one input signal is 
required for a delay unit. On the other hand, some logical functions, 
notably the complementing flip-flop function, are readily obtained from 
the flip-flop, but extra switching circuits are required when accomplishing 

this function by means of a delay unit. 

Delays unit circuits of this general type are cmrdoycd cxtcnsively 

the NORC calculator which was built by IBM and are aRoused inth« 

arithmetic registers of IBM’s types 701 and 704 calculators. For these 

machines the circuits were designed for a pulse repetition rate of 

‘“The Pentode Gate for Pulses. A circuit for gating pulse signals un- 
der the control of a steady-state signal is shown m Fig. 3-17(a). 1 he 
steady-state or d-c gating signal is applied to the grid which is generally 
known as the suppressor grid, but which in this application serves the 
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additional function of cutting off the flow of current in the tube or al¬ 
lowing the tube to conduct. The tube will conduct, however, only when 
a positive input pulse is applied through Ci to the control grid, because 
the connection through 72 1 to a negative supply voltage holds this grid 
slightly below cut-off potential in the absence of a pulse. Assume that 
I he suppressor grid is held at ground potential by the gating signal and 
(hat an input pulse is applied to the control grid. The pentode character¬ 
istics and the circuit parameters are such that very quickly after the 
input pulse starts to rise and cause the tube to conduct, a large fraction 
of the anode supply voltage will appear across the primary terminals of 
transformer 7\. The current which flows in the primary of T i causes a 
sharp pulse to appear across the secondary terminals, and the connec¬ 
tions are chosen to create a positive pulse on the output line. At the 
termination of the input pulse the tube will become cut off again, and 
the diminishing flux in T i will induce a negative pulse on the output line. 
However, the circuit parameters can be chosen relative to the tube char¬ 
acteristics in such a manner that the current in the tube and in the pri¬ 
mary of T i will diminish relatively slowly, with the result that the am¬ 
plitude of the negative swing at the output will be small. 

Certain other problems are encountered in the design of the pentode 
gate. Although these problems do not affect the logical operation of the 
circuit, it is important that they be recognized. For one thing, any in¬ 
due tance in T i will cause the anode potential to be more positive than 
otherwise during the time that the current is being diminished, and this 
more positive anode potential will tend to counteract the cut-off action 
of the grid. Also, stray capacitances in the leads to the transformer and 
m the transformer itself will cause some “ringing” or oscillations in the 
output pulse. It is important that the transformer circuit contain losses 
which will reduce the amplitude of the oscillations sufficiently to prevent 
unwanted effects from the second positive swing of the pulse. 

From a logical standpoint the pentode gate for pulses is nothing more 
Ilian an and switch. A positive output pulse is obtained when the gate 
mgnal is positive (relatively) and a positive input pulse is applied. The 
• limit is, nevertheless, more useful than might be indicated from its 
logical operation. The usefulness comes from the fact that the output 
pulse is suitably shaped to drive other gate circuits of the same type. In 
I net t he amplification and reshaping which occurs in the gate makes it 
possible to connect an indefinitely long series of gate circuits together, 
mid a pulse applied at the input to the first one in the series will appear 
'Mill proper shape and with undiminished amplitude at the output of the 
hint The pulse will, however, experience some delay as it travels from 
one gate to the next. In general, most of the delay occurs from the fact 


Fig. 3-17. Pentode pulse gate. 
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that the control grid is held somewhat below cut-off potential, and a 
finite amount of time is required to raise the grid potential into the 

conducting region. 

A System of Circuit Logic Which Includes the Pentode Gate as 
Major Element. A highly effective system of circuit logic can be devel¬ 
oped around the pentode gate, the diode or switch, and the flip-flop. The 
method by which these blocks are assembled to form computer functions 
will be illustrated by the example shown in Fig. 3-18. The gate tubes 



Fig. 3-18. Example of the use of the pentode gate for pulses. 


operate with positive pulses, and it will be assumed that the flip-flops arc 
actuated by positive pulses also. Since flip-flops function more satisfac¬ 
torily from negative pulses, it may be desirable to include pulse trans¬ 
formers at the inputs to the flip-flops to invert the polarity of the pulses. 
It should be noted that the polarity inversion produced by a pulse trans¬ 
former at this point does not have any effect on the logic of the signal; 
the signal may be said to be present or not present (a 1 or a 0) accord¬ 
ing to whether or not a pulse reaches the flip-flop, regardless of the* 
polarity of the pulse. A pulse to a flip-flop sets that flip-flop to the st ale* 
representing the storage of a 1 or 0 according to whether it is applied to 
the right- or left-hand side, respectively, as indicated in the figure. Simi 
larly, a positive (relative to the opposite condition) d-c type output 
signal is obtained from the right- or left-hand side according to whether 
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a 1 or a 0 is being stored at the time. The blocks labeled 0 in the figure 
are diode or circuits of the type described previously. Diode and circuits 
are not desired because it is difficult to design them to handle the fast rise 
limes of the pulses which are needed for high-speed operation. The blocks 
labeled G are the pentode gate tubes. Although it can usually be deter¬ 
mined from the application which lines carry d-c signals and which lines 
carry pulse signals, it is common practice with this system of circuit logic 
to distinguish the signal types by a special symbol. The symbol em¬ 
ployed for identifying a line carrying a d-c signal is a diamond-shaped 
arrowhead, while the line carrying pulse signals are marked with arrow¬ 
heads of a more conventional shape. 

The function to be performed in the example of Fig. 3-18 is to shift 
I Ik* information in the top row of flip-flops to the right four places upon 
I Ik* application of a positive pulse at the point marked start. The start 
pulse passes through or switch Oi to gates G\ and G 2 . Since the binary 
digit stored in flip-flop FF 2 must be either a 1 or a 0, the pulse will pass 
through one or the other of the two gates and will set FF\ to the corre¬ 
sponding digit. The digit stored previously in FF 1 will be lost. The pulse 
from G 1 or G 2 will pass through 0 2 to G 3 and G 4 , and the digit previously 
contained in FF 3 will be shifted to FF 2 . Note that if the digit in FF 2 
happens to be changed by this process, there will be no effect back of FFi 
because there is a slight delay in the action of the flip-flops and the pulse 
will have passed through G\ and G 2 by the time FF 2 reaches its new state 
of equilibrium. The pulse will proceed through all of the gates and or 
circuits in the chain in a similar fashion, and when it reaches the end 
each of the binary digits will have been shifted to the right one place. 

A shift of four places could have been achieved in Fig. 3-18 by connect¬ 
ing the output from each gate four places to the right, but to provide a 
better illustration of the system of logic, a different and more flexible 
Ncliome is shown in the figure. Although the pulses travel through the 
gal oh and or circuits at high speed, there is some delay. When the pulse 
I him traveled a sufficient distance along the series of flip-flops a second 
pulse can be sent along the same path to provide a second shift to the 
right, T he minimum time separation which can be allowed between these 
iieeossive pulses is set principally by the maximum pulse repetition rate 
fur which the flip-flops are designed. At a certaifi stage in the series of 
flip' Hops (if the series is long enough) the pulse may be gated back to 
the start of the series to produce the second shift to the right at the same 
Him* it- i« continuing along the remainder of the series. The particular 
Hlag<* from which this pulse may be taken is determined by the delay in 
I Ik- chain of gates with relationship to the allowable pulse repetition rate 
lor the flip-flops. These quantities depend upon the detailed circuit pa- 
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rameters, but it may be possible to have three or four or more shifting 

pulses rippling down the chain at any one time. 

Flip-flops FF a and FF b in Fig. 3-18 are used as a counter capable of 
counting to four. Initially these flip-flops are both in the state represent¬ 
ing 0, as indicated by the X’s in the figure. When the pulse is returned 
from FFi in the figure it is applied to Gg and Gio. The d-c connections to 
these gates allow the pulse to be returned to O x for a second shift to the 
right if either FF a or FF b contains a 0. The output from the gates is also 
returned through 0% to FF a , which is connected to provide complement¬ 
ing action and which therefore changes to its opposite state. The second.] 
pulse returning from FFi passes through Gio to O x to provide a third 
shift. This pulse also passes through Gw to FF b as well as to FF a . ThJ 
third returning pulse now passes through Gg to initiate the fourth shift 
and to FF a . The flip-flops FF a and FF b now both contain l’s. The fourth 
returning pulse is blocked at Gg and Gio, but it can pass through Gia 
and Gi 3 to provide a signal that the shifting operation is completed. By 
using a suitable counter and setting it to the appropriate initial condi¬ 
tions a shift to the right of any number of places can be controlled in 

this manner. 

The type of operation typified by the configuration in Fig. 3-18 can be 
employed asynchronously in a manner roughly analogous to the d-c 
system of circuit logic, but there would be numerous differences in detail. 
The point in common would be that each operation produces a signal 
indicating that the operation is completed, this signal also being used to 
initiate the next operation. The computer would proceed at a rate.of 
speed which is independent of other timing signals. From the standpoint 
of circuit logic an outstanding point of difference would be that in this 
system the pulses would be traveling through the logical blocks which j 
are performing the computer functions, and the status of the computer 
would be determined by the location of the pulse at any given time. In 
the d-c system the status of the computer was stored in control flip-flops. 

It is not necessary, however, to employ the concept of asynchronous 
operation with the system of circuit logic which includes pentode gates. 
Clock pulses and miscellaneous control pulses can be used equally well* 
In practice it is frequently found satisfactory and convenient to fit tho 
blocks together in any miscellaneous way which will produce the desired 
function without requiring an excessive number of components, clock, 
pulses and asynchronous operation both being utilized as required. 

The pentode gate technique was developed largely at the Computer 
Laboratories of MIT and has been used extensively in the Whirlwind 
computer built there and in other computers patterned after it. When 
designing an entire computer it will be found that inverters, diode ani> 
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circuits, and other circuits and components are useful and should prob¬ 
ably be included in the system even though they are not absolutely neces¬ 
sary for completeness in the logical sense. Systems of this general category 
have been designed for pulse repetition rates up to two megacycles. 

The A-C System of Circuit Logic. A system of circuit logic where 
pulse-type signals are utilized exclusively has been adopted in several 
different computer designs. This system is sometimes called the a-c (al- 
ternating-current) system because of the comparison which can be made 
between it and the d-c system described in a previous section. In the a-c 
system the and and or functions are obtained from diode switching 
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Fig. 3-19. Pulse-regenerating circuit for the a-c system. 


circuits; inversion or the not function is created by negative pulses ob- 
luined from a pulse transformer; and delay is obtained through the use 
of electromagnetic delay lines. If pulses are to be used exclusively, it is 
convenient and perhaps necessary that the timing of the pulse signals at 
<ill points in the computer be controlled with respect to a series of clock 
pulses. For this reason a fundamental circuit in the a-c system is a pulse 
amplifier and regenerator which not only restores the pulse to a standard 
amplitude and shape but also produces the regenerated pulse at the proper 
(line. 

The basic pulse-regenerating circuit employed in the a-c system is 
shown in Fig. 3-19(a). Typical values for the supply voltages are speci- 
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fled in the figure to allow an estimation of relative magnitudes; but from 
the standpoint of circuit principles these voltages may be varied over 
wide limits. Clock pulses designated CP are applied to diodes D 2 and D 3 
which form parts of and switches. As indicated in Fig. 3-19 (b) the clock 
pulses may be ordinary sine waves of large amplitude, but only the 
truncated portion of the wave indicated by a heavy line will be effective 
in the circuit operation. The input pulse to be regenerated is applied at 
diode D t and should appear at a time when CP is positive-going. The 
potential at point A will be positive only when CP and the input signal 
are positive with the resultant waveform being indicated in the graph. 
This signal passes through the or switch consisting of D 5 and D e to the 
grid of the tube and causes it to conduct. The anode potential of the tube 
then drops sharply as indicated by the wave form for point P, and a 
positive pulse appears at S on the secondary of the pulse transformer T j 
in the anode circuit. The transformer and other circuit parameters are 
so designed that the duration of the pulse is at least as great as the dura¬ 
tion of the clock pulse, although there may be some falling off in am¬ 
plitude during this time. The output pulse is returned back through D, 
where it is combined with CP in an and switch. The signal from the 
output of the and switch, point B, will pass through the D 5 input to the 
or switch and maintain the tube in a conducting condition as indicated 
by the wave forms for points B and G. Since CP is applied to both and 
switches, the tube will be cut off at the time CP becomes negative again. 

Diodes D 7 and D s in Fig. 3-19(a) are not essential to the logical oper¬ 
ation of the circuit, but they serve to limit the swing of the grid potential 
to the values indicated. A limit in the positive direction prevents exces¬ 
sive grid current. A limit in the negative direction makes it possible to 
operate the tube near the cut-off point or even slightly conducting, and 
the fact that the input lines are more negative than this limit will pre¬ 
vent small stray pulses from being amplified. In some applications these 
diodes may not be necessary. Components Dg, Dio, Pi, and Rs, are like¬ 
wise not essential to the logical operation of the circuit, but each of them 
serves important auxiliary functions. In the absence of these components 
a large negative pulse would appear at S when the tube is cut off, and 
because of the inductance in the transformer windings and the stray 
capacitances in the circuit, oscillations or “ringing” would be obtained. 
A second positive swing at <S would be objectionable because it might 
produce an unwanted output pulse. Resistor R\, which has a resistance 
of about 150 ohms, is included in the circuit to damp these oscillations. 
In particular, the amplitude of the first negative swing at S is diminished 
by the current w'hich flows through the series combination of R 4 and D 
For a heavy damping action the resistance of fi 4 should be very small, 
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but if it is too small, current will continue to flow for an excessive 
amount of time and will interfere with the next pulse being regenerated. 

Because the available voltage across the primary of Ti is large relative 
lo the pulse amplitude needed at the output, Ti can have a turns ratio 
of about 10 to 1. The large current amplification which is obtained from 
this turns ratio is useful for driving a multiplicity of other units from 
the output line. The large current which is handled in the output part of 
the circuit creates the requirement for a very low forward resistance for 
diodes Dg and Dio, and for this reason it is frequently necessary to use 
several diodes in parallel at these points in the circuit. Resistor R s is for 
t he purpose of holding the output line negative in the absence of pulses. 
Since the output line is used to drive and switches in other circuits of 
this type, the necessary resistance for R 5 is set by the characteristics of 
these and switches. The opposite terminal on the secondary of Ti is 
shown to be returned to -10 volts instead of the -8 volts to which the 
output line is clamped through Dio. One purpose for the use of a more 
negative voltage for the transformer return is that there shall be no 
tendency for R 5 to draw current through the secondary of the transformer. 
Another purpose is that small stray pulses from the tube shall not appear 
on the output line. Negative pulses are obtained in a straightforward 
manner from a second secondary winding on TV The quiescent potential 
of the negative output line is +4 volts. 



Fig. 3-20. Phase relationships in a four-phase system. 


It can be observed from the graphs in Fig. 3-19(b) that the output 
pulse appears with a definite time relationship to the clock pulse, but the 
lining requirement on the input pulse is not particularly critical. How¬ 
ever, when connecting two or more pulse-regenerating circuits in cascade, 
I lie clock pulses for successive circuits should not be in phase with each 
oilier, and they should not be exactly out of phase with each other. In¬ 
tend, the phase of the clock pulse for each stage should be behind the 
plume of the clock pulse for the preceding stage by an amount which is 
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less than one-half of a cycle. It is convenient to divide each cycle into a 
number of equal parts and to employ an equal number of clock pulses, 
each clock pulse being phased to correspond to its respective part of the 
cycle. The pattern for a four-phase system is illustrated in Fig. 3-20 
where the blocks labeled A and 0 are the diode and and or switches re¬ 
spectively, and the block labeled amp is the vacuum tube amplifier 
together with its pulse transformer. Each of the four clock pulses CP i 
through CF 4 is one-quarter of a cycle behind the preceding one. In a 
series of pulse-regenerating circuits, successively phased clock pulses 
would be used to operate successive circuits in the series. Note that CP 1 
follows CP 4 in the same sense that CP 2 follows CPi. With a four-phase 
system of this type a pulse is delayed an amount of time equivalent to 
one-quarter of a cycle for each regeneration circuit in its path. The mini¬ 
mum number of phases that can be used with this system is three, al¬ 
though this limitation does not apply when delay lines are included 
between successive regeneration circuits. For a given cycle time the maxi¬ 
mum permissible number of phases per cycle is limited by circuit con¬ 
siderations, but if an indefinitely long cycle is allowed, any number of 
phases can be used. Both four-phase and five-phase systems have been 

used in practice. 

As a general rule with this system of circuit logic the pulse-regenera- 

circuit together with 
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diode and and or input lines is 
viewed as being an operating unit. 
An array of this description is illus¬ 
trated in Fig. 3-21. Logical con¬ 
figurations for performing computer 
functions are assembled by inter 
connecting units of this type and by 
inserting delay lines where required 
in the signal paths. Of course, it is 
not possible to predict in advance 
the number of and and or inputs 
that will be required for each unit 
to be used in a computer. A pro¬ 
cedure which is sometimes adopted is to prepare certain “standard pack¬ 
ages” which differ from each other only in the number of inputs to the 
and and or circuits. In cases where the function to be performed does not 
fit any of the standard packages which have been prepared, a few diodes 
will be wasted by using a package which has more inputs than are re¬ 
quired. In other cases it may be necessary to employ two or more pack* 
ages to perform what is essentially a single function, but the savings 



Fig. 3-21. Logical array in the a-c sys¬ 
tem. 
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achieved through standardization are considered to outweigh the dis¬ 
advantages. 

Inversion in the a-c system is accomplished by an “inhibiting” action 
of the negative pulses obtained from the negative output of the pulse 
transformer. The negative inhibiting pulse is applied to the same diode 
and circuit input lines that are used for the positive pulses. Since the 
lines carrying the negative pulses are normally at a -f 4 volt level, the 
and switch to which such a line is connected will allow a pulse to pass 
when positive pulses are received on all other of its input lines, but when 
(lie negative pulse is applied the effect will be to hold the output poten¬ 
tial of the and switch at a negative value regardless of the signals at the 
oilier inputs to this switch. If lines for negative pulses are connected to 
l \\ o or more input lines to an and switch, a negative pulse on any one 
nl the lines will inhibit the passage of a positive pulse from other input 
lines to this switch. A problem is encountered in the use of negative in¬ 
hibiting pulses in that for effective inhibiting action the negative pulse 
!<> an and switch must exist for the entire duration of the positive pulses 
In other input lines. Under ideal conditions the negative and positive 
pulses will all appear at substantially the same time, but because of 
variations in the load on different circuits, variations in lead lengths, 
and other factors, the negative pulse may be advanced or retarded with 
respect to the other pulses. An examination of the wave forms in Fig. 
3-19(b) will show that it is permissible to have the negative inhibiting 
pulse retarded a reasonable amount because the first part of the input 
signal is not effective in starting the regeneration circuit into operation. 
However, if the negative pulse is advanced, the last portion of the posi- 
live input pulse will not be inhibited and the regeneration circuit may 
produce an unwanted output pulse. 

big. 3-22 shows two methods of insuring the effectiveness of the nega- 
livc pulse in inhibiting the passage of other signals. In Fig. 3-22(a) the 
negative output pulse from the first stage is applied directly to one input 
ol an and switch of the next stage and through a delay line to another 
input of this same and switch. In this way the negative pulse is, in effect, 
H l ,r cad out to insure that the output from the and switch will be held 
negative throughout the time that positive pulses may appear at other 
inputs to the switch. The amount of delay is not critical, but 0.25 cycle 
i* frequently employed in the four-phase system. The two inhibiting in¬ 
puts are indicated by semicircles, as is frequent practice with this system 
nl circuit logic. However, it should be understood that there is no cir- 
ruit difference between the inputs indicated by semicircles and those 
indicated by arrowheads; the notation is merely a convenience to indi- 
• nie which lines carry negative and positive pulses, respectively. 
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In Fig. 3-22 (b) the and switch to which the negative pulse is applied 
is supplied with two clock pulses. One clock pulse is of the phase nor¬ 
mally used for the stage and the other clock pulse is one phase sooner. 
For example, if the preceding stages are operated by CPi, the and 
switch to be inhibited would receive CP 2 and CPi on two separate input 
lines. With this arrangement it is required that the negative input pulse 
hold the output of the and switch negative only during the time that 
CP 2 and CP\ are both positive. If the other positive signals to this and 
switch happen to be delayed, spurious output signals will be prevented 
by the fact that CPi will have returned negative before the negative- 

inhibiting pulse has terminated. 



CP X I I CP Z 
(b) 

Fig. 3-22. Methods of inhibition. 


The Delay Lines in the A-C System. The type of delay line usual 

with the a-c system of circuit logic is a distributed-constant electro* 
magnetic delay line consisting of two concentric conductors. The inner 
conductor is wound into the form of a helix to provide a large distributed 
inductance, and the outer conductor is in the form of a braided tube sep¬ 
arated from the inner conductor by a thin layer of insulation with Hie 
distributed capacitance occurring between the two conductors. Since the 
inductance of a helix diminishes with increasing frequency, particularly 
at the higher frequencies, extra conductors not connected to the external 
circuit may be included in the delay line to introduce mutual capacitance 
between the turns of the helix so that the delay of the line will be hold 
reasonably constant with frequency. For a pulse repetition rate ol one 
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megacycle, which is typical, a 0.25 cycle delay line of conventional de¬ 
sign would be 5 to 6 inches long. The characteristic impedance of typical 
distributed constant delay lines is about 1350 ohms. Because of attenua¬ 
tion and pulse distortion which occurs in a delay line there is a limit to 
the maximum length of line which can be used without the insertion of 
pulse-regeneration circuits; in some circuit designs this limit has been 
about 4 microseconds of delay. 

W hen using delay lines the problem of pulse reflections must be con¬ 
sidered, and also it is frequently found desirable to include an extra 
ntuge of diode or switching with each pulse regeneration circuit. These 
two apparently unrelated problems can be solved together through the 
circuit shown in Fig. 3-23 (a) for positive pulses and the circuit in Fig. 
3-23(b) for negative pulses. In Fig. 3-23(a) current through resistor R 2 


D x -8 



+ 4 +4 



(b) 


Fig. 3-23. Delay line circuits for the a-c system of circuit logic. 


nerves the purpose of holding the potential of the input lines to the driven 
and switches at a negative value in the absence of pulses. Diode Z> 4 is 
not a part of the circuit logic but it serves to clamp the potential to a 
negative limit of —8 volts. Besides preventing the output line from be¬ 
coming more negative than necessary, the presence of D 4 allows the 
value of R> to be made small enough to pull the potential of the output 
lino negative at a rapid rate at the termination of the pulse without draw¬ 
ing (l-c current through the delay line. Pulses reflected back through the 

• Inlay line are dissipated in R lt Diodes D 1 , D 2 , and D 3 provide a conven¬ 
tional or function, but even when the or function is not utilized, it is 
a« I vantageous to include a diode at this point to isolate reflected positive 
| mi Inch from other circuits to which the driving stage may be connected. 
W lien driving a delay line with positive pulses the signal may be taken 
1 10 m point S in Fig. 3-19 instead of the output point indicated, and the 

• in rent requirements on Z) 9 and D 10 of that figure can thereby be re- 
ihioed. 

I hr functioning of the circuit in Fig. 3-23(b) is similar in that the 
output potential is held at -f4 volts instead of —8 volts and there is no 
urn I for R 2 in this circuit to “pull against” the output load circuits. The 
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diodes at the input to the delay line respond as an or function to the 
negative input pulses. 

The Application of the A-C System to Computer Functions. If 

all pulse-regeneration circuits in the a-c system were operated from the 
same clock phase with appropriate amounts of delay inserted between 
successive circuits, the concepts related to the assembling of logical func¬ 
tions in a computer could be the same for the a-c system as were de¬ 
scribed for the diode gate system and the delay unit system. However, 
since it is possible to utilize the multiple clock phase idea for decreasing 
the amount of delay experienced by a pulse as it travels through the 
logical functions, those concepts usually do not apply. Instead, the logi¬ 
cal design procedure for the a-c system is to develop each computer 
function individually, with pulse timing as an extra parameter through 
which logical configurations can be found that are improved over the 
more obvious configurations. I 

The application of the a-c system of circuit logic to computer functions 
will be illustrated through the two examples shown in Fig. 3-24. Both of 
these examples are forms of binary counters. The configuration in Fig. 
3-24 (a) contains the equivalent of two complementing flip-flops and is 
capable of counting to four. The storage properties of the flip-flops arc 
obtained from AMP 1 and AMP 2 together with their associated circuits, 
and the circuits which include AMP 3 and AMP 4 are for the purpose of 
distributing the input pulses as required. As with the other systems of 
logic, storage is obtained by feedback, and the storage feedback path 
from AMP X is through a 0.75 cycle (assuming a four-phase system) de¬ 
lay line and A 3 . If a pulse is initiated in this loop it will continue to cir¬ 
culate and be retimed at each cycle by CP 2 . The output pulse therefore 
appears once each cycle with an effective 0.25 cycle of delay occurring 
in the diode circuits and the amplifier. The circulating pulse is initiated 
by a properly timed input pulse at A 2 and is terminated by an inhibiting 
pulse applied to A 3 . The feedback loop which includes Ai is for the pur¬ 
pose of pulse regeneration as described previously and is not otherwise 
related to the logical functions to be performed. V 

A pulse applied to the input line will change the state of the first flip- 
flop. The procedure by which this action is accomplished depends upon 
whether the flip-flop initially contained a circulating pulse or did im! 
contain a circulating pulse. If no pulse was present initially, the inpul 
pulse passes through a 0.25 cycle delay line to A 2 and starts a pul ho 
through the flip-flop. If a pulse was already contained in the flip-flop it 
would meet the input pulse at A 8 , and the negative output pulse thereby 
generated by AMP 3 inhibits the passage of the circulating pulse at Am 
Since the inhibiting pulse is also applied to an input of A 2) the input 
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Fia. 3-24. Two forms of binary counter in the a-c system. 

pulne iH prevented from starting a new circulating pulse in the flip-flop. 
Nii! e Mint the phases of the clock pulse inputs and the lengths of the 
delay lines have been chosen so that the various signal pulses will all 
in nve at t heir respective destinations at the proper times. 

Thu positive output from AMP » is used for the input pulse to the sec- 
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ond flip-flop, which functions in the same manner as the first flip-flop 
except that the clock pulses are each phased one phase later than the 
corresponding clock pulses of the first flip-flop. The counting action is 
obtained from the fact that a pulse appears at the output of AMP 3 for 
every second input pulse, and the two flip-flops will be returned to their 
initial conditions after every four input pulses. Any number of flip-flops 
may be incorporated into a counter of this type. The pulse from one flip- 
flop to the next (or “carry” pulse as it is frequently called) requires 0.25 
cycle per flip-flop. Therefore, with a counter containing N flip-flops, 
N/4 cycles are required for the counter to change from one state to the 
next when the carry pulse must travel through all stages, but the input 
pulses may nevertheless be applied at the rate of one per cycle. In this 
example the method of inhibition illustrated in Fig. 3-22(a) has been 

used. iij-n • 

In Fig. 3-24(b) the feedback loop which includes AMP 2 and AMr 3 

for the purpose of storing an entire binary number. For an A-digit num¬ 
ber, A cycles of delay are required, and since each of the amplifiers ere- 
ates, effectively, a 0.25 cycle delay, a delay line with A - 0.50 cycles of 
delay is used. The number representing the count stored in the counter 11 j 
circulated in this loop with the individual binary digits appearing at any 
given point in ascending order of significance. An input pulse, to b«l 
counted, must be applied at the time the least significant digit is emerg¬ 
ing from the storage delay line. In the absence of an input pulse to be 
counted, the output from AMP 3 is returned to the delay line through on* 
input to A e . If an input pulse is applied, the negative pulse generated »tl 
AMP i inhibits the return of the least significant digit through A„. In¬ 
stead, a pulse from AMP X is entered through A s if there is no pulse from 
AMP 3 at the time of the least significant digit, that is, if this digit is 0J 
In other words, a pulse is entered into AMP 2 and the delay line at th» 
time of the least significant digit if there is a returning pulse or an input 
pulse but not both. If pulses appear from both sources at this time, ft 
“carry” pulse should be entered one cycle later. The carry pulse is corn- 
bined with the next digit of the stored number in the same fashion and 
in accordance with the same logical rules. In cases where this carry puWJ 
is to be entered it is obtained by returning the input pulse back through 
a 0.75 cycle delay line to A 2 . The input pulse will circulate in the one 
digit storage loop formed by this delay line, A 2 , and AMP\ unless or 
until it is inhibited by a negative pulse from AMP 2 , since a signnl at 
this point in the array will be an indication that a subsequent carry 
pulse is not required. This process continues until all digits of the storci 
number have passed through AMP 2 , at which time the old number will 
have been increased by 1 if an input pulse was applied. As with the prfll 
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vious example, the phases of the clock pulses and the lengths of the delay 
lines have been chosen to cause all signals to arrive at their respective 
destinations at the proper times. The method of inhibition illustrated in 
Fig. 3-22(b) has been used in this example. 

One of the advantages of the a-c system is that the amplification 
provided in the pulse regeneration circuit is sufficient to make the circuit 
capable of driving up to twelve or more and switches of other regenera¬ 
tion circuits. As a general rule with other systems of circuit logic it is 
found that the number of circuits a given circuit is capable of driving 
without extra amplification is considerably less than twelve. Another ad¬ 
vantage which has been claimed for the a-c system is that greater reli¬ 
ability is obtained from the fact that the circuits are relatively independ¬ 
ent of the steady-state characteristics of the tubes, only the dynamic 
characteristics being of great importance. It is interesting to note that 
I lie a-c system (as well as the d-c system) requires no capacitors. 

An obvious disadvantage of the a-c system is the need for distributing 
mult iphase clock pulses throughout the computer. Also, when this system 
\h compared with other systems the diodes needed for pulse regeneration 
and other purposes not directly related to circuit logic detract from the 
component savings obtained from the minimum need for extra amplifica¬ 
tion. The assembling of a-c logical blocks to perform computer functions 
run be accomplished with ease in the a-c system if speed of operation 
and number of blocks consumed are not important. However, when utiliz¬ 
ing the multiphase feature for finding configurations which place less 
delay in the path of the signal pulses and allow fewer components to 
lie consumed, the mental effort required in the design process can be 
considerably more challenging. These pulse-timing problems encountered 
in design have sometimes been cited as a disadvantage for the a-c sys- 
I«in, but once an appropriate design has been found there is usually no 
dillleulty in understanding it or in making it operate properly in the 

machine. 

I he a-c system of circuit logic was developed at the National Bureau 
id Standards, where it was used in the SEAC and DYSEAC computers. 
The pulse repetition rate was one megacycle in these machines. Other 
computers or similar machines for which the a-c system has been adopted 
Ini lude the MIDAC and MIDSAC built at the University of Michigan, 
a digital flight simulator designed at the University of Pennsylvania, 
and I lie Elecom computers built by the Underwood Corporation. 

The Blocking Oscillator as an Element in a System of Circuit 
Imglc. Fig. 3-25 shows an elementary form of a blocking oscillator cir¬ 
cuit Since this type of circuit has been widely used in applications other 
I lorn comput ers, a detailed explanation of its operation will not be given 
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Fig. 3-25. Blocking oscillator. 


here. A brief description is that the tube is normally held in the cut-off 
condition, but when a positive pulse of sufficient amplitude to start con¬ 
duction is applied through Ci to the grid the feedback action from T\ 
will aid the input pulse and cause the tube to become fully conducting 

very quickly. The positive potential at 
i+ r the grid cannot be maintained, however, 

jrq hrJL and the current through Pi will eventu- 

p-3 ally pull the grid negative again, at 

^ 2 =j= — which time the feedback action will be 

n N' 1 effective in the opposite direction. The 

L- 1 l grid will then be driven sharply to cut- 

> 1 — off. An output signal can be taken from 

1 a third winding on Ti, with the output 

Fig. 3-25. Blocking oscillator. pulse polarity dependent upon the con¬ 
nections to the terminals of the winding. 
A blocking oscillator of this type could be used instead of the pentode 
gate which was described in a previous section. If the tube in the block¬ 
ing oscillator is a pentode, the suppressor grid could be used for gating 
purposes as before to form exactly the same logical function. The advan 
tage to a blocking oscillator would be in the large amplification and 
pulse-sharpening effects that can be obtained from the feedback. How¬ 
ever, when adapting the circuit to high pulse repetition rates the heavy 
transients introduced in the grid circuit from the ringing in the anode 
transformer would create more design difficulties than are encountered 
in the conventional pentode gate. 

At least one instance is known where a blocking oscillator is used for 
a purpose in this general category. A type of computer built by 1 lit 1 
ElectroData Division of Burroughs Corporation employs blocking oseil 
lators for pulse amplification, but the gating function is accomplished by 
diode circuits on the input line to the control grid rather than through 
the use of an extra grid. The system of circuit logic developed for thb» 
computer utilizes pulses of both polarities such as can be obtained from 
a blocking oscillator. The positive pulses are for driving other blocking 
oscillator circuits and the negative pulses are for driving flip-flops. 1 
A second possible application for the blocking oscillator could be m 
the pulse regeneration circuit as used in the a-c system of circuit logic, 
It would not be difficult to include circuits for controlling the timing of 
the oscillator action by means of clock pulses, at least not at the lower 
pulse repetition rates. However, no instances are known where the cimill 

has been used in this manner. ■ 

A blocking oscillator can also be used as a delay line for single pulm * 
After the tube has been placed in the conducting condition it remain* In 
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Ibis condition for a time determined largely by the resistance and capac¬ 
itance in the grid circuit before becoming cut-off again. By means of 
diodes the pulse which occurs when the tube becomes conducting can be 
isolated from the output line, and the second pulse, which is of opposite 
polarity and which occurs when the tube is cut off, can be used as a de¬ 
layed representation of the input pulse. In general, it is not possible to 
control the amount of delay accurately, as is possible with a delay line; 
hut in many miscellaneous applications the amount of delay is not criti¬ 
cal, and the large amplitude signal which can be obtained is an advan¬ 
tage. 

Other computer applications of blocking oscillators are found in cir¬ 
cuits where an important requirement is a large current. Such applica- 
(ions include circuits for driving magnetic storage cores, for driving the 
magnetic heads used with magnetic drums and tapes, and for driving 
electromagnetic relays and solenoids in input-output equipment. 



Fig. 3-26. Variations in the a-c pulse amplifier. 


Improvements in the Pulse Amplifier Circuit. The circuit shown in 
Fig 3-26 contains three variations which may allow improved perform - 
Miire of the a-c pulse amplifier circuit in some applications. One variation 
i lluil the clock pulse, CP, is applied at the grid of the tube instead of 
through each diode and switch. This arrangement serves to reduce the 
number of components required. A more important feature of the ar- 
iMUgnnent is in the manner in which the clock pulse replaces the load 
• « in! or in the diode or switch at the grid. In the previous circuit it was 
in r«’NHMry for the input pulse to supply current through this resistor when 
Mining grid potential of the tube. In Fig. 3-26 diode appears in the 
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high resistance direction when CP is positive, so that all of the current 
through R 5 or R 6 (or both, in accordance with the combination of signals 
applied at the input lines) is available for charging the various stray 
and interelectrode capacitances at the grid. When CP is returned to a 
negative value at the termination of the input pulse, the power from the 
clock pulse source is used to return tie tube to a cut-off condition. The 
use of CP for this purpose provides a faster fall time of the grid poten¬ 
tial than is possible with reasonable vilues of an or switch resistor. 

A second variation in the pulse amplifier is the manner in which the 
output signal is returned to the grid. Since CP and the feedback signal 
are not applied through an and switcl as previously, the circuit contain¬ 
ing R 7 is included to limit the feedback power in a controlled manner. 
In the quiescent condition a current lows through R 7 , L 3 , D 18 , and R H . 
When a positive output pulse appears it will be applied through D 77 to 
the junction of Dig and R s with the result that a reverse voltage will 
appear across Dig. The current origirally flowing through R 7 and L 3 in 
then available for application through Die to the grid. The inductance 
in L 3 tends to keep the magnitude o: the current constant, and the in¬ 
ductive “kick” which is created thereby helps provide a fast rise time at 
the grid. This circuit differs from the blocking oscillator in that the out¬ 
put signal is not fed back to the grid directly; instead, the output signal 
causes the current from another source to be applied to the grid. Al¬ 
though a blocking oscillator type of circuit could be used in this applica 
tion, it would be difficult to obtain a design for which the grid did not 
produce a heavy load on the output line when the feedback signal extern In 
throughout the duration of the clock pulse, as it should in this case. 

A third variation introduced in Fig. 3-26 is the use of small amount* 
of inductance in series with the load resistors in the diode and circuit*. 
The switching shown in this figure ircludes, incidentally, three levels in 
or-and-or form although the previously described circuit contained only 
and-or switching, and the third level was obtained at the inputs of the 
delay lines. For purposes of explanation, assume that positive pulses urn 
applied simultaneously to inputs A and C ; this logical combination is our 
that should create a pulse at the grid. When the assumed input signal., 
are applied, the output of the and switch becomes positive. Since the in 
ductance in Li tends to maintain a constant current flow, the currenl 
which was initially flowing through I> 9 and D 10 to the or circuits corre¬ 
sponding to A and C is now transferred to the grid through Dia. Tim 
action is similar to that of L 3 . With the inductances it is generally pern- 
sible to transmit the input pulse to tne grid with less voltage amplitude 
reduction than when the inductances ire omitted. Alternatively, the mug* 
nitude of the supply voltages for the diode switching circuits can be !<•** 
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than otherwise, with a corresponding saving in power. Note that induct¬ 
ance in series with R 1} R 2 , R 3 , or R 4 would cause improper functioning 
of the and circuit and would therefore be undesirable. 

When the pulse amplifier is designed to be used with inhibiting signals 
and delay lines, it will be found that factors such as clamping of signal 
levels and oscillations in the inductances will cause more components to 
be introduced than are indicated in the figure. However, the variations 
which have been described do not affect the system of circuit logic to 
any large extent. Although the circuit was described for the a-c system, 
(lie feedback method may be used in the pentode gate system also. 

A pulse amplifier circuit similar to the one described here was em¬ 
ployed in a two-phase, four-megacycle a-c system developed at the 

Raytheon Manufacturing Company. 

A General Comparison of the Various Vacuum Tube Systems of 
Circuit Logic. The more important comparative advantages and dis¬ 
advantages of the various systems of circuit logic were pointed out in 
I hr sections describing each individual system. In view of the consider¬ 
able differences between the various systems, it might seem that an over¬ 
all basis some systems would be found to be decidedly superior to others. 
However, it has been rather difficult to establish that any such over-all 
differences exist. When an individual logical block of one system is com¬ 
pared with the corresponding block of another system, it is sometimes 
found that some obvious factor, usually cost differential, would clearly 
indicate the choice between the systems being compared. Even if all of 

I hr types of blocks were considered, a comparison based on them would 
hr of doubtful value. The reason is that logical functions are so inter¬ 
mingled in some systems that it is questionable whether they can be 
effectively isolated for a comparison on a one-to-one basis. Also, the cir- 
mils such as cathode follower current amplifiers needed to interconnect 
the logical blocks in some systems, and the circuits needed to generate 
clock pulses in other systems tend to complicate the comparison. 

A somewhat better comparison might be obtained by considering rela- 
iivrly large arrays of logical blocks, each assembled through the use of 

II different system of circuit logic but in such a manner that the same 
computer function is obtained. A comparison made in this way would be 
\ 111 id if the resulting arrays were each typical of the way a computer 
would be organized with the respective systems, but it is usually found that 
Ibr computer organization is closely related to the system of circuit logic 
b. mg used. In fact, attempts have been made to redesign parts of existing 
computers and to employ an alternative system of logic in the process. 
While much a procedure is possible, it has been found in each case that 
lb. new design is quite artificial and that for a serious comparison an 
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extensive rearrangement of all of the computer functions would be in¬ 
volved. Usually, when designing a computer, the designer uses all of the 
ingenuity at his disposal to find the most effective computer organiza¬ 
tion, and it is found that the properties of the circuits have a strong 
influence on the design. When preparing a design with alternative cir¬ 
cuits for comparison, an equal amount of ingenuity should be expended. 
Apparently it has never been deemed worth the effort to design two or 
more computers which employed different systems of circuit logic but 
were otherwise identical in specifications; therefore, so far as is known, 
no comparisons based on this kind of evidence are available. 1 

From the standpoint of reliability, many kinds of defects, including 
burned out tubes and loose connections, will cause errors with any sys¬ 
tem of circuit logic. The response of a computer to low cathode emission 
and other marginal factors in the components is probably as much a 
matter of safety factors in the design as it is the system of logic, although 
it may be that large safety factors are achieved at less cost with some 
systems. Good operating results have been obtained with all systems of 
logic. Preventive maintenance is also important for reliability, but it is 
not clear that one system of circuit logic requires more preventive main¬ 
tenance than any other system. 

The subject of ease of servicing is often mentioned prominently in 
comparisons between systems of logic. For the systems involving d-o 
signals it has been claimed that the states of the signal levels are easily 
determined by voltmeters or small neon lights, whereas oscilloscopes or 
other items of elaborate equipment are required for pulse-type signals. 
On the other hand it has been claimed that the known timing of pulse 
signals in certain a-c systems is an aid in finding defects in contrast to 
the unknown timing in some asynchronous computers. A computer with 
complex logical arrays would, of course, be more difficult to service tlmn 
one which is organized in a simple and straightforward fashion, but no 
evidence is known that establishes that one type of circuit logic is easier 
or more difficult to service than other types. 1 

One of the most striking differences in the various systems of circuit 
logic is in the design procedure used to assemble logical blocks to form 
computer functions. The designer must develop a sort of “frame of mind" 
for each system; and it has been observed that when a familiarity with 
one system has been developed, it is sometimes difficult for the designu 
to get out of that frame of mind to develop an understanding of a cl if 
ferent system. The reason is not that the individual logical blocks hit 
difficult to understand, but that the organization of computer functions 
is done differently in the different systems. The designer will attempt to 
assemble the logical blocks of the system which he is learning into pal 
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terns which are better suited to the system familiar to him. It is instruc¬ 
tive to apply each system of logic described in this chapter to the illus¬ 
trative example which was given for each other system of logic in the 
chapter. In some instances the logical blocks will fit fairly well, but in 
other instances a radical rearrangement of the functions would be in 

order. 

Although the comparative difficulties in design procedure are closely 
related to the previous experience of the designer, it is not implied that 
nil of the systems are equal in this respect. Some of the circuit charac¬ 
teristics which introduce complexities beyond the complexities of the 
computer itself are unwanted inversions obtained from tubes basically 
intended for other functions (as in the elementary system), dependence 
on voltage levels for proper sequencing of operations (as in the d-c sys¬ 
tem) , and the need for clock phasing for improved speed (as in the a-c 

ny stem). 
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Chapter 4 


TRANSISTOR SYSTEMS OF CIRCUIT LOGIC 


In many respects, transistors are analogous to vacuum tubes, the basic 
nimilarity arising from the fact that a signal applied across two terminals 
uf (lie device will control the flow of current between one of these termi¬ 
nals and a third terminal. In principle, all of the systems of circuit logic 
which were described for vacuum tubes could be simulated with transis- 
lors. However, in spite of the basic similarity between transistors and 
vacuum tubes, the characteristics of the two devices are so dissimilar that 
I lie circuits employed to achieve the individual logical functions with 
I ransistors are quite different from the corresponding tube circuits. 

The most striking difference between the characteristics of transistors 
and the characteristics of tubes is in the input impedance, which is low 
for transistors and high for tubes. Since a low input impedance implies 
(hilt, an appreciable amount of current is required to drive a transistor 
circuit, the current amplification of the circuit is of fundamental impor¬ 
tance in developing circuits which are capable of driving a multiplicity 
uf other circuits, as is a frequent requirement in computers. Unfortu¬ 
nately, the more obvious transistor circuits are not good current ampli¬ 
fiers, and much of the effort in developing transistor circuits for comput¬ 
ers has been applied to the problem of obtaining as much current gain 
ns possible or of avoiding the need for large current gain. To a large 
extent, the circuits described in this chapter are schemes for overcoming 
the low input impedance problem, the circuit logic being substantially 
(Ik* Name as was described for the various vacuum tube systems. 

Other transistor properties have important effects on the circuit con- 
IIfiliations that are adaptable to logical functions, and also on the cir- 
i uit parameters which can be chosen in the design. Among these prop- 
uliem are collector cut-off current, hole storage, breakdown voltage, 
punch-through voltage, and temperature dependence. All of these prop- 
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erties make the finding of a suitable set of transistor circuits more dif¬ 
ficult than is the case with vacuum tubes, as will be explained in subse¬ 
quent sections of this chapter. Another serious problem with transistors 
is the relatively wide range in characteristics in a random choice of 
transistors of the same type and the variations in characteristics of a 
given transistor as a function of time. 

In spite of the circuit problems, transistors offer at least three unques¬ 
tioned advantages when compared with vacuum tubes. One is smaller 
power consumption, which results principally from the fact that high 
temperatures for thermionic emission are not required as for vacuum 
tubes, and therefore the item of heater power is completely eliminated. 
Also, transistors are generally used at lower voltages and currents, with 
a resultant power saving in comparison with tubes; but the power saving 
from this source is not necessarily an inherent property of transistors 
since it is possible to operate tubes at equally low voltages and currents. 
The other two advantages obtainable with transistors are reductions in 
size and weight. Transistors also have some potential advantages in in¬ 
creased reliability and reduced cost in comparison with tubes, but the 
development of transistors which exhibit these advantages has been a 
slow process because of difficulties in the manufacture of transistors and 
because of concurrent improvements in vacuum tubes. It should be noted, 
however, that all of the real and potential advantages of transistors can 
also be found in magnetic cores, and it is not clear which, if either, of 
these two solid-state components can be made the more effective as the 
basic component for a system of circuit logic. 

Point-Contact Transistors. Several different transistor configurations 
have been developed, but from the standpoint of computer circuits they 
fall into two broad classifications according as the transistor action pro¬ 
duces a current amplification greater than 1 or less than 1. As a general 
rule, the so-called “point-contact” transistor has a current amplification 
which is greater than 1, and the computer circuits which have been de¬ 
veloped for this type of transistor are quite different from the circuit n 
which have been developed for the various kinds of “junction” transis¬ 
tors, in which the current amplification is normally less than 1. 

Briefly, a point-contact transistor can be viewed as consisting of two 
diodes fabricated very close together on the same piece of semiconductor 
material. Each diode is made by placing the sharply pointed end of a 
wire in contact with the semiconductor. If the materials are properly 
processed, a nonlinear resistance is obtained at the point of contact, the 
resistance being relatively low or high according as the potential applied 
to the wire is positive or negative, respectively, relative to the potential 
applied to the semiconductor. When the points of the two diodes are very 
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close together the current through one when biased in the forward or 
low-resistance direction will affect the resistance of the other when it is 
biased in the reverse direction. In a point-contact transistor the piece of 
semiconductor is called the base. The current between the base and the 
point contact which is biased in the forward direction consists of “holes” 
traveling from the point to the base. A hole is a region where an electron 
is missing, and it acts like a positive element of charge. There are also 
some electrons traveling from the base to the point in analogy with the 
cathode and anode of a vacuum diode, but it is the holes which are im¬ 
portant for transistor action. The emitter derives its name from the fact 

that it is said to “emit” holes. 

The point contact which is biased in the reverse direction has a rela- 
lively negative potential applied to it, and since the holes act like posi¬ 
tive charges they are attracted toward it. This contact is called the 
“collector” because it “collects” the holes. The collector resistance, which 
in normally relatively high, is reduced by the hole current, and it is 
through this effect that the emitter current is capable of controlling the 
collector current. The effect of the holes on the collector resistance can 
|,o increased by “forming” the collector during the manufacture of the 
transistor. The forming process consists of passing a large current be¬ 
tween the collector and the base for a short period of time. In view of 
the very small distances involved in the region of the collector point, 
the physical effect of the forming process has been difficult to measure, 
hut the electrical effect seems to be that conditions are provided whereby 
the holes, as they approach the collector, can release electrons from the 
collector. The electrons which are released may travel either to the emit¬ 
ter or to the base, but in either case they appear as an increased collector 
current. The ratio of the change in collector current to the corresponding 
change in emitter current is called the current gain of the transistor and 
im usually denoted by the symbol a. For a good point-contact transistor 

(he current gain is usually between 2 and 3. 

A somewhat more specific, but still largely qualitative, indication of 

I he characteristics of a point-contact transistor is shown in the curves 
In Fig. 4-1. The collector current as a function of collector voltage for 
various values of emitter current is indicated in Fig. 4-1 (a). The corre¬ 
sponding relationship for vacuum tubes is the anode current as a function 
of anode voltage at various values of grid voltage. It may be noted that 
I| H « shape of the curves for point-contact transistors is similar to the 
»hape of the corresponding curves for pentode vacuum tubes. For opera- 
• mu an a linear amplifier the collector supply voltage and load resistance 
might be chosen to produce a load line as indicated by AB in the figure. 
However, in computer circuits linearity is generally of no consequence; 
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Fig. 4-1. Typical point-contact transistor characteristics. I 

instead, the binary input signal either holds the transistor in the cut-off 
condition represented by zero emitter current or it carries the transistor 
into the heavily conducting region by supplying emitter current which 
is above some relatively large minimum value. With this type of opera¬ 
tion a load line such as AB has two disadvantages. One is that the am¬ 
plitude and level of the output signal is strongly dependent upon the 
characteristics of the transistor, and as mentioned before, it has been 
difficult to produce transistors which are all alike and which have prop¬ 
erties that remain constant with time and temperature. The other disad¬ 
vantage with the AB load line is that the collector-to-base voltage and 
current are relatively large when the input signal is holding the transistor 
in the conducting condition, and an appreciable amount of power must 

therefore be dissipated at the collector point. 

The two disadvantages of load line AB can be avoided to a large ex¬ 
tent by choosing circuit parameters that produce a load line such as CD. 
In this case when the transistor is conducting, less power is dissipated 
and the collector potential is less dependent upon the exact character¬ 
istics of the transistor, provided the emitter current is held at a reason¬ 
ably high value. With load line CD the collector potential would be 
limited in the negative direction by a clamping diode, the load line of 
which is not indicated in the figure. The clamping diode would also serve 
the purpose of preventing the application of a damagingly high voltage 

on the collector terminal. 

On the other hand, load line AB in Fig. 4-1 (a) has some advantages 
in comparison with CD. For one thing, even though the voltage amplifica 
tion is less, a greater current amplification is possible, as can be observed 
from the curves, and current gain is needed for driving a multiplicity 
of circuits connected as loads. A more important advantage of AB iM that 
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the phenomenon of hole storage is less troublesome. Hole storage arises 
from the fact that if the collector voltage is not great enough in the nega¬ 
tive direction to collect all of the holes supplied by the emitter, the holes 
tend to become lodged in the body of the semiconductor. Then when the 
emitter current is reduced to zero, the collector resistance remains low 
until the stored holes are removed by the collector field. The time re¬ 
quired to restore the collector to a state of high resistance may be as 
much as 2 or 3 microseconds or more, which is not serious for low speed 
operation but would pose an obvious problem at speeds where the time 
between successive binary signals is of this order of magnitude or less. 
The transistor is said to be in a state of saturation when the emitter is 
introducing holes in the semiconductor faster than the collector is capable 

of removing them. . . 

Fig. 4-1 (b) shows a plot of current amplification, a, as a function of 

emitter current for a typical point-contact transistor with the collector 
voltage held constant at a value sufficiently large to prevent saturation. 

A System of Circuit Logic Based on the Point-Contact Transis¬ 
tor. Fig. 4-2 (a) shows a point-contact transistor in a bistable circuit 
which can be used as the basis of a system of circuit logic. In the cut¬ 
off condition the current through R\ holds the base of the transistor posi¬ 
tive with respect to the emitter, which is indicated by an arrowhead on the 
symbol for the transistor. The feedback action which makes possible the ex¬ 
istence of two stable states is obtained from the voltage created across R u 



Kig. 4-2. A system of circuit logic with point-contact transistors. 
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and for good :'eedback action a reasonably large value for R i should be 
chosen. In the cut-off condition the current to the collector will not be zero 
but will be some finite value usually represented by the notation, i co . The 
value of i co map vary with time and temperature and may be different from 
one transistor :o the next. Since this current will flow largely from the base, 
the potential to which Ri is returned must be positive enough to hold the 
base positive vith the largest value of i co that will be encountered, and 
a supply voltage of 4-50 volts is indicated for this purpose. Diode D\ 
then serves tie purpose of limiting the positive excursion of the base 
potential to 42 volts for protection and for allowing the circuit to be 
changed to the conducting condition relatively easily when the i Q0 for 
the transistor happens to be small. The value of R 2 and the supply po¬ 
tential to whish it is returned are chosen to produce a load line in the 
position indicated by CD in Fig. 4-1 (a). Diode D 2 clamps the collector 
potential to a maximum of —14 volts in the negative direction. 

For illustrating how the circuit in Fig. 4-2 (a) changes from the cut¬ 
off condition to the conducting condition, assume that the emitter poten¬ 
tial is gradually made positive instead of being tied to ground as indi¬ 
cated. When the emitter becomes a positive with respect to the base, a 
current starts to flow between these two electrodes. Because of the tran¬ 
sistor action a current will flow in the collector also, and the magnitude* 
of the current will be a function of the a of the transistor. With the a 
characteristic shown in Fig. 4-1 (b) the collector current will become 
larger than tie emitter current very quickly as the emitter current is 
increased. The emitter and collector currents have opposing effects with 
regard to the potential difference generated across R it Since the collector 
current is the larger, it tends to pull the base potential negative. This 
shift in base potential causes a further increase in emitter current, and 
a regenerative action will take place. The currents will continue to in¬ 
crease until certain limiting factors are reached, the major one being the 
reduced base-lo-collector voltage caused by the voltage drop across the 
load resistance R 2 . The emitter potential may now be returned to ground, 
and the circuit will remain in this conducting condition. The exact values 
of the base and collector potentials in this condition will depend on the 
transistor chaiacteristics, but may be assumed for the purposes of illus¬ 
tration to be —1 and —4 volts, respectively, with the supply voltages 
shown. The ciicuit may be returned to its cut-off condition either by de¬ 
creasing the emitter potential so as to reduce the emitter current to zero 
or by raising ;he base potential to approximately ground or more posi¬ 
tive. 

One way in which the bistable circuit may be used for performing the 
various basic logical functions is illustrated in Fig. 4-2(b). The problem 


135 


Transistor Systems of Circuit Logic 

is in devising a scheme whereby a usable current gain can be obtained 
greater than the factor of 2 or 3 available from the transistor. In this 
circuit the gain is achieved through the storage of charge on capacitor 
Ci. The purposes of J2i, R 2 , Di, and D 2 are the same as before. When 
the transistor is in the cut-off condition, the potential at the top plate of 
Ci will be drawn negatively by current through R iy but will be clamped 
at —14 volts by current through D 2 and Dq. When the transistor is con¬ 
ducting, this potential will be pulled to —4 volts, R± acting as a load re¬ 
sistor in parallel with R 2 . The resistance of this parallel combination must 
be made large enough to prevent excessive current drain through the 
collector. Resistor R 3 is for the purpose of preventing excessive collector 
current during the time that the circuit is changing from the cut-off to 
the conducting condition. This resistor also is needed to limit the output 
current when the output signal is obtained by the method to be explained. 
The potential at Ci will arrive at its steady-state value after an amount 
of time that is determined by the various circuit parameters, and when 
it has reached its final value the output from the circuit may be utilized. 

The output signal is a pulse-type signal obtained by applying a posi¬ 
tive set pulse of approximately 10 volts amplitude to the bottom plate of 
Ci. Since R 3 is chosen to be small compared with i? 4 , a pulse of nearly 
the same amplitude will appear on the output line (in the absence of an 
external load), but the limits between which the output pulse will swing 
will depend upon whether the transistor was cut-off or conducting. In 
either case the set signal will not affect the collector circuit of the tran¬ 
sistor because _D 9 will present a high resistance to a pulse of this polarity. 
The output pulse is applied to one of the input lines to another circuit 

of this same type. 

If the input line to the other circuit corresponds to diode D 4 , for ex¬ 
ample, and if the pulse from one circuit to the next swings from -14 
volts to —4 volts and back, there will be no effect on the input circuit, 
because Z) 4 will appear in the high-resistance direction at all times. On 
the other hand, if the pulse starts at —4 volts and tends toward 4-6 
volts, as it will in the case where the previous transistor is in the con¬ 
ducting condition, a current can pass through D 4 and raise the potential 
of the emitter sufficiently to start conduction. With the assumption that 
this second transistor was initially in the cut-off condition, a regenerative 
action will take place, and the circuit will be “set” to the conducting 
condition. Diode D l0 is for the purpose of clamping the emitter potential 
(0 a limit of ground potential in the negative direction. In this way the 
input pulse is able to carry the emitter to a positive potential to initiate 
conduction, but the emitter current is supplied through D i0 after the re¬ 
generative action is started. Since the emitter current for a given tran- 
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sistor must be supplied from the circuit of the previous transistor for 
only a short period of time, the storage of charge in the capacitor creates, 
in effect, a current amplification. A circuit of this type may be reset to 
its cut-off condition by a positive signal swinging between the limits of 
—4 volts and +2 volts applied to the point marked reset. 

In normal operation a cascaded series of these circuits would be alter¬ 
nately set and reset, with the set and reset signal applied to all circuits 
at the same time. When a circuit is reset its prior condition is stored 
temporarily by the status of the capacitor in the output circuit. The set 
signal then sets the next circuit to the conducting condition if the given 
circuit had previously been in the conducting condition. With this ar¬ 
rangement the or function can be achieved by using two or more input 
lines as indicated by the connections to Z) 3 and D 4 . The function of in¬ 
hibition can be obtained by applying an input pulse to one of the inhibit¬ 
ing input lines which are connected through diodes to the base of the 
transistor. A positive pulse at this point in the circuit functions like a 
reset pulse and prevents conduction from the emitter to the base. Diodes 
D 5 and Z> 6 are connected to form an or function also, so that the circuit 
will be set if a signal appears on A or B but not on C or D. 

Ordinary inversion can be achieved by using one regular input line and 
one inhibiting input line. The regular input line would be connected to a 
circuit which always provides an input pulse, and the signal to be in¬ 
verted would be applied to the inhibiting input line. In this way the out¬ 
put signal would be relatively positive if no input pulse were applied, but 
would be relatively negative if an input pulse were applied to inhibit the 
setting of the circuit to its conducting condition. 

Storage may be obtained in the customary fashion by feeding the out¬ 
put line back to one of the regular input lines, the delay being obtained 
from the fact that the output pulse appears one step after the input 
pulse. The storage circuit may be placed in one state or the other by sig¬ 
nals to other regular input lines in the or circuit in the emitter or to an 
inhibiting line. 

Two output circuits are shown in Fig. 4-2 (b) to indicate that it is pos¬ 
sible to drive separate output loads independently. Separate circuits may 
be necessary because if two or more circuits were driven from a single 
output line, the current drawn by the emitter in one circuit when it is 
set might disrupt the setting action in the others. 

The and function can be achieved with the circuit in Fig. 4-2 (b) 
through the use of the or function on the inhibiting lines. For example, 
if two signals designated E and F are to be combined in an and function, 
they can be passed through two such circuits connected as inverters to 
provide E and F. Then if these two signals are applied to the two inhibit- 


Transistor Systems of Circuit Logic 137 

ing inputs of a third circuit of this type with a positive pulse applied to 

the regular input on each cycle, the output will represent E -f F = EF, 
which is the and function. The passage of the signals through two stages 
of circuits is an obvious disadvantage of this method. The and function 
can be achieved in other ways, particularly by using ordinary diode and 
circuits, but diode and circuits do not happen to fit conveniently into 
this particular bistable transistor circuit. It should not be construed that 
the usefulness of the basic idea is limited to the circuit in the figure; 
there are numerous other possible variations for adapting the bistable 
circuit to logical functions, especially the many special-purpose func¬ 
tions that are often found in computers. 

The system of circuit logic to which the circuit in Fig. 4-2 (b) would 
apply could be quite similar in principle to the vacuum tube systems such 
as the diode gate system and the delay unit system, which were described 
in Chapter 3. The only significant difference is that the number of logical 
functions that can be achieved when stepping from one bistable circuit 
to the next is more limited with the transistor circuit. This limitation is 
not necessarily an inherent property of the system, but is a result of the 
manner in which current amplification is obtained, and the approach be¬ 
comes increasingly unattractive as higher pulse repetition rates are con¬ 
sidered. 

A Means of Obtaining Current Amplification Through the Nega¬ 
tive Resistance Property of the Point-Contact Transistor Circuit. 

Although it was not explained as such, the phenomenon of negative re¬ 
sistance in the emitter circuit was utilized in achieving the two stable 
states in the circuit of Fig. 4-2(a). By utilizing this phenomenon in a 
somewhat different way, current amplification can be obtained without 
I he need for the accumulation of a large amount of charge in a capacitor 
and without the need for a separate set signal. The circuit by which this 
result is accomplished and its emitter characteristics with load lines are 
shown in Fig. 4-3(a) and (b), respectively. 

For purposes of explaining negative resistance in the emitter, only the 
transistor and R& and R 4 in Fig. 4-3(a) need be considered at first. The 
emitter current as a function of emitter voltage (potential with respect 
to ground) for this circuit is indicated by the heavy line in Fig. 4-3 (b). 

(For some not-too-apparent reason, in this particular application the 
current and voltage axes are frequently interchanged; placing voltage on 
I he horizontal axis as in the figure corresponds to standard practice with 
viicuum tubes, and this choice has been made because the load lines are 
then in more familiar positions.) When the emitter voltage is negative, 
only a small amount of emitter current flows, since the emitter is biased in 
ll h high-resistance direction. Ah the emitter voltage is changed in the 
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(b) 


Fig. 4-3. A circuit for exploiting negative input resistance. 

positive direction from negative values, the negative emitter current will 
decrease. Although the collector is also biased in the high-resistance 
direction, a small current will flow through it and through R s , with the 
result that the emitter current will be reduced to zero before the emitter 
voltage has been brought up to ground potential. As the emitter voltage 
is changed further in the positive-going direction, a positive emitter 
current will start to flow, and when the emitter current is large enough 
for the a of the transistor to be greater than 1, the regenerative ac¬ 
tion described previously will take place. When the transistor is in this 
condition, the emitter current-voltage curve will have a reverse slope as 
indicated by the portion of the curve from points X to Z. At point Z the 
collector voltage will have become relatively positive and the base 
voltage relatively negative so that only a small potential difference re¬ 
mains between these two electrodes. When the emitter voltage is increased 
in a positive direction from point Z, the emitter current will again vary in 
the normal fashion. The emitter circuit is said to display a negative 
resistance in the region between X and Z and a positive resistance out¬ 
side of this region. The phenomenon of negative resistance is, inciden¬ 
tally, rather difficult to eliminate from circuits employing point-contact 
transistors because of the resistance in the base electrode itself. Since 
there is some resistance within the transistor, it is not possible to eliminate 
the feedback action by reducing the external resistance # 3 to zero. For 
this reason, the approach which has been taken in the development of 
digital circuits with point-contact transistors is to make use of Mir 
negative resistance effect rather than to attempt to suppress it. 

A circuit with two stable states is obtained by selecting the emitter 
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circuit parameters to yield a load line as indicated by AB in Fig. 4-3 (b). 
With this load line the emitter is returned to a negative supply voltage 
through a very low resistance. It may be observed from the figure that 
the load line crosses the emitter characteristic curve at three points. The 
first and third of these points represent conditions of stable equilibrium. 
The circuit is also in equilibrium at the second point of crossing, but this 
condition of equilibrium is unstable in that if the circuit is not exactly at 
the condition represented by the second point, it will shift farther away 
from this point until one of the other two points of crossing is reached. 
The circuit can be changed from one stable state to the other by the 
application of pulses of appropriate polarity on the emitter, but unless 
the load line passes close to point X, it will be found that no appreciable 
amount of current amplification is gained from the circuit. It is inad¬ 
visable to design the circuit with the load line passing close to point X 
because relatively small changes in the transistor characteristics would 
then be likely to cause improper operation of the circuit. For the purpose 
of obtaining increased stability in the two stable states and for obtain¬ 
ing a greater current amplification, a somewhat different mode of opera¬ 
tion has been devised for the circuit of Fig. 4-3(a). 

Consider load line CD in Fig. 4-3 (b). In this case the emitter is re¬ 
turned to a positive supply voltage through a relatively high resistance. 
This load line crosses the emitter characteristic curve at only one point, 
and this point happens to be in the negative resistance region of the 
characteristic. The question arises as to whether the condition of equi¬ 
librium represented by this point is stable or not. From a detailed analy¬ 
sis it can be shown that the circuit will be stable if there are nothing 
but resistive components in the circuit, but if there is an appreciable 
amount of capacitance between the emitter and ground as indicated by 
(in the figure, the circuit will oscillate. From a qualitative standpoint 
the nature of the oscillations can be understood by following the response 
of the circuit from the time that the emitter supply voltage is first con¬ 
nected. Prior to the time that the emitter supply voltage is connected, 
I lie equivalent load line will correspond to an infinite resistance and will 
lie along the voltage axis at zero emitter current. When the connection 
i n made, the capacitor will charge until the voltage represented by point 
V is reached. At this time the capacitor will appear as a very low im¬ 
pedance, and the circuit will “snap” to the high conducting condition 
indicated by point Y. As the charge is drained away from the capacitor, 
I he potential at the emitter terminal will become more negative and the 
Hiatus of the circuit will move along the characteristic curve to point Z. 
When this condition is reached, a further drain of charge from the capac- 
Hnr will reduce the emitter potential to a value which is not sufficient to 
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maintain the regenerative action in the transistor, with the result that 
the circuit will then “snap” to point W. The capacitor will again be 
charged through the emitter circuit resistor until point X is reached, and 

the cycle will then repeat in a similar manner. 

The operation of the circuit in Fig. 4-3(a) can now be explained. The 

emitter load resistor fli when returned to supply voltage E 1 yields a load 
line such as CD. In the absence of an input signal, however, the current 
through R 2 to E 2 holds the emitter potential negative. Diode Di is in the 
low-resistance direction at this time. When a positive pulse of sufficient 
amplitude is applied to the input line, the potential difference across Di 
is reversed, and this diode appears in the high-resistance direction. With 
the input circuit effectively isolated in this way, Ci receives charge 
through R h the emitter potential becoming more positive until point X 
on the curve is reached and the circuit shifts to point Y as described in 
the previous paragraph. As Ci is discharging through the transistor and 
the emitter potential is dropping towards point Z, a condition is reached 
where the emitter potential becomes more negative than E 3 , and diode 
Z ) 2 then appears in the low-resistance direction and clamps the emitter 
potential at this value. The effect of D 2 is to produce a load line similar 
to AB. Since the resistance of B, may be relatively large, the resistance 
of B 2 may also be relatively large. Then since the input signal need only 
supply current through R„ the action of the capacitor in carrying the 
circuit from the cut-off to the conducting condition provides for an ap¬ 
preciable current amplification between the input signal and the collector 
output signal. The duration of the input signal must, of course, be suffi¬ 
cient to allow Ci to receive the necessary charge through R i. 

The circuit may be returned to its cut-off condition by means of a 
positive signal on the reset line. To reset the circuit, this signal must be 
capable of supplying an amount of current equal to the difference be¬ 
tween the collector and emitter currents. In general, this amount of cur¬ 
rent is too large to be supplied by other circuits of this type, but in the 
applications to be described the reset signal is supplied by clock pulses 
for which large amplitudes are more feasible than for signal pulses. 

An A-C System of Circuit Logic with Point-Contact Transistors. 

The circuit described in the previous section can be used as a regenera¬ 
tive amplifier to form the basis of a system of circuit logic which is sub¬ 
stantially the same as the a-c system described for vacuum tubes The 
regenerative amplifier circuit with typical design parameters is shown 
in Fig 4-4(a). With the addition of diodes Ds and D 0 at the input end, 
an or function can be obtained in a straightforward manner. The AND 
function is obtained by adding diodes at the position of Dr, in the circuit. 
In this way the resistors B 2 and B l( which arc for the original purpose of 
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Fig. 4-4. A-c system of circuit logic with point-contact transistors. 


utilizing negative resistance for pulse regeneration, are also used as load 
resistors in diode switching circuits. 

On the output side of the circuit, C 2 is included to prevent rapid 
changes in the collector potential when the transistor is changed from one 
ate to the other. For example, when a positive pulse is applied to the 
emitter, it is desirable to hold the collector at a negative potential for a 
nhort period of time to insure that the collector current will be sufficient 
In carry the circuit fully into the conducting condition. Capacitor C 3 has 
a relatively large capacity and is for the major purpose of allowing the 
bias of the signal at the collector to be shifted in the positive direction 
ho (hat the signal may be applied to the emitter input circuits of other 
Iwise regenerators. The output signal level is clamped at —2 volts as a 
limit in the negative direction by the action of diode Z) 4 . Resistor R$ is 
no! needl'd in all instances, but it may be included to insure that the po- 
b 11 I nil on the output line will be held at its relatively negative value in 
I he absence of a signal through the regenerative amplifier. Note that the 
/•* m the next circuit will serve the same purpose if there are no or di- 
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odes in that circuit. A difficulty is encountered with an output circuit of. 
this type in that when a positive signal is passed through the amplifier 
a current must flow through C 3 to drive the load. At the termination of 
the positive signal a current must flow in the reverse direction to restore 
the circuit to its initial conditions, and this current passes through R A . 
If the time separation between successive signals is great, there is no 
difficulty, but at high pulse repetition rates the voltage drop across R 4 
caused by the returning current will affect the amplitude of the signal 
obtained from the transistor. The amplitude of the output signal will 
therefore be dependent upon the sequence of 0’s and l’s being regener¬ 
ated, and in the general computer application this sequence may be 
assumed to be random. To minimize signal amplitude variations, the 
value of R± is chosen to be as small as possible without exceeding the 
power ratings of the transistor and without incurring excessive hole stor¬ 
age difficulties. The hole storage difficulties arise from the fact that the 
large collector current which flows when R± is small generates a voltage 
drop across Rs so that the base-to-collector voltage is small, and the 
relatively negative base potential allows a large emitter current which 
produces holes that must be removed by the collector. With this situa¬ 
tion the current amplitude and duration of the reset pulse must be ob¬ 
jectionably great. 

The major wave forms in the pulse-regenerating circuit as used in a 
system of logic are shown in Fig. 4-4 (b). The reset signal is supplied by 
a continuous series of clock pulses, CP, which may be in the form of a 
sine wave. The positive input signal (if any), to be regenerated is ap¬ 
plied to the emitter at the time in the cycle when CP is changing from 
positive to negative. The input signal then brings the transistor into the 
conducting condition, and the collector potential rises to its relatively 
positive value. When CP becomes positive again, the initial effect is to 
induce a slight further increase in the collector potential; but after the 
base is made positive with respect to the emitter, the circuit is returned 
to its cut-off condition. Note that the phase of the collector output signal 
lags the phase of the positive input signal applied to the emitter. There¬ 
fore the clock pulse operating a given circuit in a series should lag I he 
clock pulse of the previous circuit by an amount which is approximately 
equal to this phase difference, unless there is an artificial delay intro¬ 
duced between successive circuits. From the standpoint of circuit logic, 
a multiphase clock pulse system can be applied to this transistor circuit 
in exactly the same way as was done with the a-c system of circuit logic 
with vacuum tubes, in spite of the fact that the manner in which the 
output signal is initiated and terminated is quite different in the two 
cases. l 
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Inversion is obtained in the system through an inhibiting action pro¬ 
vided by the circuit shown in Fig. 4-4 (c). With this circuit a positive 
input pulse is applied in the normal fashion to the input line correspond¬ 
ing to D i. The passage of this signal to the transistor will be inhibited if 
at the same time another positive signal is applied to the input of trans¬ 
former 7Y The connections to T i are of the polarity which causes a neg¬ 
ative pulse to be applied through D 10 , and the emitter potential is thereby 
prevented from rising. To insure that the inhibiting action is effective it 
is necessary that the inhibiting pulse overlap the pulse being inhibited. 
If the circuit in question is being reset by a clock pulse of phase CP 2y 
both of the input signals should be supplied by circuits operated by CPi. 
No trouble is encountered in the event the inhibiting pulse is slightly late 
in arriving, because CP 2 will act in a manner which prevents improper 
action. However, if the inhibiting pulse happens to be terminated too 
early, it may fail to inhibit the passage of the pulse on the other input 
line. To prevent a failure of this type, CP 3 is applied as an input to a 
circuit of the and type composed of Du and P 7 . Clock pulse CP 3 pro¬ 
vides an inhibiting action when it is negative, and it becomes negative a 
fraction of a cycle after CP 2 becomes negative and allows the circuit to 
become conducting. With this arrangement, the inhibiting signal is re¬ 
quired only during that fraction of a cycle when an inhibiting action is 
not being obtained from either CP 2 or CP 3 . 

Fven though the pulse-regenerating circuit is capable of existing in 
two stable states and does exist in two stable states for its regenerative 
action, storage is not obtained by this means in the a-c system. Instead, 
t he output signal is returned to an input through a delay line with three 
quarters of a cycle of delay (in the four-phase system) in substantially 
the same manner as employed with vacuum tubes. 

When applying the transistor circuits of Fig. 4-4 to computer functions 
HUch as are indicated in Fig. 3-21 it will be found that there are two 
differences in circuit logic which will have an effect on the logical con¬ 
figuration. One difference is in the fact that with the transistor system 
which was described all output signals are positive. This difference only 
I him the effect of placing the inhibiting transformer at the input of a 
given circuit instead of at the output of the previous circuit, as with the 
vacuum tube system which was described. The other difference is that 
l lie transistor circuit is more adaptable to on-to-AND diode switching at 
l ho input, whereas the tube circuit is more adaptable to AND-to-OR diode 
switching. For this reason it may be convenient in some applications to 
adopt the convention that l’s are represented by the absence instead of 
l he presence of positive pulses. However, the inversion created by the 
change in convention is not complete, because the inhibiting action in 
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the circuit as described is effective only for the presence of a pulse; a 
nonexistent pulse at one input will not inhibit the passage of a nonexist¬ 
ent pulse from another input unless some circuit modifications are made. 
Alternatively, it is possible to rearrange each AND-to-OR function to pro¬ 
duce an OR-to-AND function. In some instances more diodes, but in other 
instances fewer, are required by this step. Also, it should be realized that 
unless the diodes are of very high quality in terms of high back resist¬ 
ance, low forward resistance, and fast recovery time and unless the tran¬ 
sistor is of high quality, the amount of diode switching that can be done 
at the input of each pulse regenerating circuit is quite limited, as will be 
observed when detailed design calculations are made. 

Transistor circuits of this type were developed at the Bell Telephone 
Laboratories and used in the TRADIC computer where the pulse repeti¬ 
tion rate was 1 megacycle. 

Improvements in the A-C Pulse-Regenerating Circuit. With com¬ 
ponents of a given quality there is a limit to the improvement in circuit 
performance which can be obtained by refinements in the design proce¬ 
dure for selecting optimum circuit parameters. To overcome some of the 
limitations encountered with the circuit described in the previous section, 
it is necessary to devise an improved circuit configuration. As was men¬ 
tioned, one of the more serious limitations of that circuit is in the output 
part where the amplitude of the signal becomes a function of the combi¬ 
nation of 0’s and l’s which has been regenerated during the immediately 
preceding cycles. Besides the obvious undesirability of output signals 
which are not uniform, an objectionable side effect is that the current 
delivered to the load circuits is in some instances only a small fraction 
of the collector current, and the effective current amplification may be 
reduced to the point where the circuit is capable of driving only one or 

two other similar circuits as loads. 

An improvement in output characteristics can be obtained by using ;i 
pulse transformer in the collector circuit as indicated in Fig. 4-5. A\ illi 
the transformer, a better time constant for the circuit can be obtained, 
and the elimination of a resistive element in series with the collector will 
improve power efficiency. In operation, a positive output signal is deliv¬ 
ered through D 6 , which may be part of an or switch in the next pulse- 
regenerating circuit. When the signal terminates, the flux in the trails- 
former will diminish and the output voltage from the transformer will 
reverse in polarity. Since diode Z> 7 will appear in the low-resistance di 
rection at this time, the negative part of the output signal will be applied 
across R& where it will be damped out. If the capacitance in the trann- 
former and other parts of the circuit is neglected, the time constant for 
damping will be L/R , where L is the inductance of the transformer and 
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Fig. 4-5. Improvements in the a-c pulse-regenerating circuit. 


R is the resistance in the loop. Although a low resistance for R 6 is de¬ 
sirable for damping the amplitude of the negative signal to a small value, 
the resistance should not be so low that the time constant is excessively 
long. 

The low d-c impedance in the primary of T 1 in Fig. 4-5 may cause 
excessive collector current, particularly when the circuit is not being 
reset to its cut-off condition regularly, as might happen if the reset cir¬ 
cuit fails or when adjustments are being made on the computer as a 
whole for preventive maintenance or for repairs. To lessen the danger 
of transistor damage, components R 4 , D 4 , and C 2 have been included in 
I he input circuit. When the transistor is in the conducting condition, the 
emitter current must flow through R 4 , which limits this current to a safe 
value. The emitter potential is clamped at a negative value by the action 
of lh w r hen the transistor is in the cut-off condition. Capacitor C 2 is in¬ 
cluded in the circuit to provide a large emitter current for a short time 
after the transistor is switched to the conducting condition, and in this 
way a fast rise time in the output signal can be obtained. 

Diode Z) 5 in the base circuit reduces the current drain on the reset 
(( P) line by eliminating the unnecessary current through R s at the time 
Hie circuit is reset to its cut-off condition. If the back resistance of D 5 
in very high, R 5 may be necessary for discharging the stray capacitance 
hI Hie base of the transistor when the reset signal is returning to a nega¬ 
tive potential. 

Another advantage to be gained from the use of a transformer in the 
collector circuit is that an extra winding may be used for generating an 
inhibiting signal in the manner described for the vacuum tube a-c sys- 
tcin, and it is not necessary to have a separate transformer at each in¬ 
hibiting input. 

Pulse-Regenerating Circuits with External Feedback. When a trans- 
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former is used in the output part of a pulse-regenerating circuit it is 
possible to obtain current amplification by using an external feedback path 
which is quite different from the feedback obtained from internal or ex¬ 
ternal resistance in the base circuit. An advantage to be gained is that 
the functioning of the circuit is not critically dependent on the value of 
the <x of the transistor; in fact, a may be less than 1. Other advantages 
are simpler circuits and the elimination of the need to charge and dis¬ 
charge capacitors. 

+8v +8v +8 v 



(a) (b) 

Fig. 4-6. Pulse-regenerating circuits with external feedback. 


One variation of the pulse-regenerating circuit with external feedback 
is shown in Fig. 4-6(a). When no pulse is being regenerated, a current 
of several milliamperes flows through R 2 , D 4 , and one winding of T x to 
a — 1-volt supply. The emitter of the transistor is maintained at a nega¬ 
tive potential by current through Ri but is clamped at —1 volt by 1) A . 
The clock pulse, CP, is applied to the base through D 6 in a manner simi¬ 
lar to that of previous circuits, but the functioning of the clock pulse i h 
somewhat different. Since this circuit does not necessarily exist in one of 
two stable states, the clock pulse need not be used to “reset” the circuit 
from one state to the other. By holding the base potential positive, the 
clock pulse does, however, prevent the transistor from conducting when 
a positive input pulse is applied to the emitter through D When the 
clock pulse is negative, the potential at the transistor base will be pulled 
in the negative direction by current through iJ 3 but will be clamped id 
ground by D 5 . At this time a positive input pulse will be capable of calm¬ 
ing emitter current to flow. If the a of the transistor is greater than I, 
the base current (which is equal to the algebraic sum of the emitter and 
collector currents) will flow through 1)^ in the low-resistance direction 
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If a is less than 1, the base current will be in a direction which reduces 
the amount of current drawn through Z) 5 by the negative clock pulse, but 
since a should never be much less than 1, the amount of current required 
from the clock pulse source to maintain D 5 in the low-resistance direc¬ 
tion is not great. In the a-c system of circuit logic the input signal will 
become positive just prior to the time the clock pulse becomes negative. 
In this way the timing of the output pulse with respect to the phase of 
the clock pulse will be restored. 

The input signal in Fig. 4-6 (a) need supply only enough emitter cur¬ 
rent to initiate the feedback action. When collector current flows as a 
result of a small amount of emitter current, a voltage is induced in the 
feedback winding of T\, and the polarity of this voltage is in the direc¬ 
tion which causes the current through the winding and Z) 4 to be dimin¬ 
ished. The current from R 2 is then diverted to a path through D 2 to the 
emitter where it augments the initial current from the input signal. By 
choosing an appropriate turns ratio for the windings on T lf the current 
gain in the feedback loop can be made greater than 1. This regeneration 
action continues until some limiting factor occurs. The limiting factor 
could be saturation in T\ or it could be that the clock pulse is returned 
lo a highly positive potential, but the operation of the circuit is not 
based on either of these factors. Because of the low forward resistance 
o! the emitter and D 2 , the potential at the junction of R 2 , D 2) and Z) 4 
cannot rise to a very large positive value. Therefore when all of the cur¬ 
rent from R 2 has been diverted to the emitter, a further increase in volt¬ 
age in the feedback winding will cause Z) 4 to appear in the high-resist¬ 
ance direction, and no further increase in emitter current can occur. 

I hiring the time that the current from R 2 is being shifted from the 
feedback winding to the emitter, the feedback circuit acts like a very 
low impedance load on T x . For this reason the magnitudes of the voltages 
appearing at the terminals of the windings on 7T are not great at this 
I imc. In particular, since one terminal of the output winding is connected 
lo a —3-volt supply, the output signal is not of sufficient amplitude to 
initiate current in the emitter of a transistor in a similar pulse-regenerat- 
mg circuit. However, after the feedback winding has succeeded in divert¬ 
ing all of its current to the emitter, the high back resistance of D 4 causes 
i lie feedback circuit to appear as a high impedance, and the output po- 
i«ulial can then rise sufficiently to drive other circuits of this type. Since 
I lie feedback winding can divert the current only as long as the flux in 
l\ iH changing, the circuit will soon return to a condition of low conduc- 
imn. The termination of the input signal or the return of the clock pulse 
in a positive potential, or both, will prevent a repeating of the process 
until the next cycle. 
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An or function can be obtained at the input to the circuit in Fig. 
4-6(a) merely by including other input lines with each one passing 
through a diode at a point in the circuit corresponding to Di. Also, each 
Di serves to isolate the circuit from negative signals produced by the 
output transformer in its respective driving circuit. In principle, multi¬ 
level diode switching may be included at the input to the pulse-regenerat¬ 
ing circuit, but the number of levels would in general be quite limited 
because of the limited current gain which can be obtained from the 
transformer. It may be noted, however, that the resistance of Rx may be 
relatively high because the low forward resistance of the emitter itself 
will tend to aid Rx in returning the emitter potential toward negative 
values at the termination of the regenerative action. The not function 
or inversion can be obtained from separate output windings which pio- 
duce negative pulses that can be used for inhibiting in the manner de¬ 
scribed previously. 

The functioning of the circuit in Fig. 4-6 (b) is substantially the same 
except that the input signal raises the potential of the input line suffi¬ 
ciently to allow the current through R± to supply the emitter current 
needed to initiate the regenerating action. This variation is useful when 
the logical function to be performed at the input is an and function. A 
second input for a diode and switch can be obtained by duplicating the 

Z) 3 , D 5 , and Rx components. 

Since the relationship between the input signal and the clock pulse, is 
basically an and function, other variations of the pulse-regenerating cir¬ 
cuit can be developed with the clock pulse applied to diode switching 
circuits at the input. While the variations described are intended for use 
with clock pulses in an a-c system, it is also possible to employ the circuit 
in a system similar to the pentode gate system described for vacuum 
tubes, except that the gating function would probably be accomplished 
with diodes rather than with the analogy of multiple grids. One way In 
provide the gating function without adding extra levels of diode switching 
at the emitter input would be to apply the gating signal to the base 
through a diode. This diode would provide a function similar to that of 
Dq in Fig. 4-6; in fact, the only change necessary would be to substitute 

the gating signal for the clock pulse. 

Circuits of the type shown in Fig. 4-6 have sometimes been called 

“gated feedback amplifiers” because the current through R 2 is “gated" 
back and forth between the emitter and the feedback winding of 7', 
This type of gating should not be confused with the logical operation of 
gating wherein an information signal is or is not allowed to pass as con¬ 
trolled by a gate signal. It is the current gating feature which distin 
guishes the gated feedback amplifier from the blocking oscillator. In n 
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blocking oscillator circuit the emitter current would be supplied directly 
from the feedback winding on the transformer, although from the stand¬ 
point of circuit logic the gated feedback amplifier and the blocking oscil¬ 
lator are exactly the same. The advantage of the gated feedback ampli¬ 
fier is that the amount of feedback is limited by the current which can 
pass through R 2 , and all surplus power is available for driving loads 
connected to the output winding. 

A Symmetrical Flip-flop with Point-Contact Transistors. Two 

transistors may be used to form a sym¬ 
metrical flip-flop, and one such circuit is 
shown in Fig. 4-7. In this circuit a feed¬ 
back action is produced by the base resist¬ 
ances R s and R± in a manner similar to 
the feedback action of the single-transistor 
bistable circuit, but the current from a 
positive supply voltage through Rx in the 
emitter circuit is sufficient to bring one of 
the transistors into the conducting condi- 
tion. If the circuit parameters are chosen 
properly, only one transistor will remain conducting, because the voltage 
drop across Rx will be too great to maintain the emitters positive with 
respect to the bases when current is being drawn by both transistors. The 
most straightforward way of alternating the circuit from one stable state 
to the other is by applying a positive pulse to the base of the conducting 
I ransistor, although other methods may be used. 

A circuit of this type could be used in systems of circuit logic similar 
to the vacuum tube systems employing symmetrical flip-flops, and it has 
the advantage of simplicity. However, the circuit has some unattractive 
features. Among these is the fact that the output signal potential from 

I lie* conducting transistor is strongly dependent upon the transistor char¬ 
acteristics. Also, capacitance between emitter and ground must be 
avoided in order to prevent oscillations, and relatively large input pulse 
currents are required to change the flip-flop from one state to the other. 
Although this flip-flop has been used as the basis for at least one set of 
experimental circuits operating with the d-c system of circuit logic, junc- 
t ion transistors have been considerably more popular in application? 
where symmetrical flip-flop action is desired. 

Junction Transistors. Although there are many points of similarity 
in the operating principles of junction transistors and point-contact 

I I huh ini ors, the physical designs and methods of fabrication are quite 
dilTcren! for the two transistor categories. Basically, a junction transistor 



Fig. 4-7. A symmetrical point- 

contact flip-flop. 
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consists of a piece of semiconductor material, usually germanium or 
silicon, that is divided into three regions, one region being located be¬ 
tween the other two. The regions are distinguished by the manner in 
which conduction takes place. The mechanism of current conduction is 
largely a function of the nature of the crystal structure of the semicon¬ 
ductor and of the type and concentration of impurities of the semicon¬ 
ductor. The types of regions are called n or p according as the charge 
carriers are predominantly the negative electrons or the positive holes, 
respectively. A boundary between an n region and a p region is called a 
junction. The nature of the junction is such that when electrical connec¬ 
tions are made to two adjacent regions, a low resistance path is presented 
to the flow of current if the p region is made positive with respect to the 
n region, but the junction offers a high resistance to the flow of current 
in the opposite direction. The junction therefore acts like a diode rectifier 
in a manner analogous to a point contact. 

In a junction transistor the central region may be of the n type with 
the end regions of the p type. In that case the transistor is said to be of 
the p-n-p variety. Or the three regions may be of the opposite types, 
with the resulting n-p-n transistor. In either case the central region acts 
as the base, one end region acts as the emitter, and the other end region 
acts as the collector. The methods for obtaining n regions and p regions 
and for obtaining suitable junctions between the regions is an extensive 
subject in itself, but here the discussion will be limited to the general 
characteristics of junction transistors with particular reference to the 
comparison of these characteristics with those of point-contact transistors 
and the effect of the characteristics on the design of digital circuits. The 
functioning of a p-n-p transistor is similar to the functioning of a point- 

contact transistor with one outstanding difference related to current am¬ 
plification. 

When the emitter of a p-n-p transistor is made positive with respect 
to the base, holes are emitted into the base region. Since the base nor¬ 
mally contains an excess of electrons available for conduction, the holes 
are called minority charge carriers. If the separation between the emit¬ 
ter-base junction and the collector-base junction is small and if a nega¬ 
tive potential is applied to the collector, the holes in the base will be 
attracted to the collector, where they will be collected before they have 
time to “combine” with the electrons in the base and disappear. With an 
appropriately designed and fabricated transistor, nearly all of I lie 
emitted holes will reach the collector. The difference between the junc¬ 
tion transistor and the point-contact transistor is in the fact that in the 
junction transistor there is no mechanism at the collector whereby the 
arriving holes are able to release electrons from the collector to product) 
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a current gain which is greater than 1. The greater-than-1 current ampli¬ 
fication obtained from point-contact transistors seems to be a somewhat 
fortuitous by-product of the collector forming process, which is not used 
for junction transistors. The absence of a current amplification mecha¬ 
nism at the collector is not necessarily an inherent property of junction 
transistors, but a somewhat more complex configuration of n and p re¬ 
gions is required to simulate the current amplification characteristics of 
point-contact units. 

From a circuit standpoint the n-p-n transistor is similar to the p-n-p 
f ransistor except that the voltages applied to the electrodes of an n-p-n 
I ransistor are opposite in polarity to the corresponding voltages used for 
a p-n-p transistor. With an n-p-n transistor the emitter and collector are 
both in the high-resistance direction when they are held positive with 
respect to the base. When the emitter is made negative with respect to 
f lic base electrons will be emitted into the base region, and these elec¬ 
trons will be attracted toward the positive collector. The collection of 
these electrons constitutes the collector current. 

'Hie availability of both p-n-p and n-p-n junction transistors fre¬ 
quently has an important effect on the nature of the system of circuit 
logic which may be used. This situation is in contrast to systems de¬ 
signed around point-contact transistors, where only one type of transis¬ 
tor is available. Practically all point-contact transistors correspond to 
the p-n-p type, and little success has been achieved in developing a 
satisfactory point-contact transistor of the n-p-n type. 

Minority Carrier Storage in Junction Transistors. The phenomenon 
nl hole storage in point-contact transistors has already been mentioned. 

I he same phenomenon is encountered in p-n-p junction transistors. In 
n p-n junction transistors electrons become trapped in the base region when 
flu* collector potential is not great enough to remove them as fast as they 
arc emitted by the emitter. Since holes are in the minority in the base of 
a p-n-p transistor and electrons are in the minority in the base of an 
a-p-n transistor, the term “minority carrier” storage is often used to 
describe this phenomenon in junction transistors when it is not conven¬ 
ient to specify the type of junction transistor to which reference is being 
made. 

A transistor is said to be “saturated” when the minority charge ear¬ 
ners are emitted faster than they can be collected. When a transistor is 
operated in a saturated condition in digital circuits, the excess minority 
carriers which become lodged in the base region must be removed before 
Mm transistor can be returned to its cut-off condition. The removal of the 
Mured charge is one of the major difficulties in the design of junction 
transistor circuits, particularly in systems of circuit logic where the 
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transistor is allowed to remain in the conducting condition in a steady- 

state manner. . . , ,, , 

II the circuit is to be operated at high speeds it is often preferable to 

avoid the condition of saturation rather than to attempt the removal of 
the stored charge. With circuits of the a-c type such as were described 
for point-contact transistors it was possible to avoid the problem to some 
extent by choosing the design parameters so that the transistor was con¬ 
ducting for only a relatively small portion of each cycle. Then at high 1 
pulse repetition rates the time during which conduction takes place « 
short enough to preclude the development of a large stored charge. W ith I 
the circuits which have been designed for use with junction transistors, 
other means have been devised for handling this problem, as will be 

described J 

Current Amplification with Junction Transistors. Even though the 

current gain in a junction transistor is less than 1, the fact that it is 
close to 1 can be utilized to obtain relatively large current gains through 
the simple expedient of using the base instead of the emitter, as the con¬ 
trolling electrode. If the current gain is represented by a, a change of At 
in emitter current will produce of change of m the collector current. , 
With either a p-n-p or an n-p-n transistor the emitter and collector cur-1 
rents will flow in opposite directions in the base circuit, with the restit 

that the change in current at the base will be Ai - «Ai - (1 «) 

ratio of collector to emitter current change is therefore «/(l «)• ini* 

quantity, commonly called p, is the effective current amplification ob¬ 
tained when the emitter is grounded and the input signal is applied 0 
the base. If « is 0.95, for example, p and the effective current gam would 
be 19' but it should not be supposed that a circuit employing a transistor 
with this value of p would be capable of driving nineteen similar circuits. 
There are several design considerations which prevent the efficient utiff- 
zation of the current gain. Even when the effective current gain is 100 
or more, as is readily achieved with some transistors, it is often found 
that other transistor characteristics will cause severe limits to the num¬ 
ber of circuits a given circuit will drive. I 

When the input signal is applied to the base, the correspondence be- 

tween vacuum tubes and transistors is much closer than when the input 
signal is applied to the emitter. With the base input connection it is con- 
venient to visualize the base as a grid, the emitter and collector acting 
as the cathode and anode, respectively. With the n-p-n transistor t 
polarities are the same as for vacuum tubes. In the p-n-p transistor tjl 
“cathode” is connected to the relatively positive potential and emit, 
holes or positive charges of electricity that are attracted toward h« 
“anode” which is connected to a negative supply voltage. When <lm 
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transistors are operated in this way, systems of circuit logic can be de¬ 
veloped that are closely related to the vacuum tube systems which 

involve the steady-state type of signals. 

The Inverter as Formed with Junction Transistors. The basic junc- 

tion transistor inverter circuits are shown in Fig. 4-8. The symbols 
chosen to represent junction transistors are radically different from the 
nymbols for point-contact transistors. One reason for the difference in 
symbols is that it is desirable to be able to determine quickly whether 
nny given transistor in a circuit is of the junction or point-contact type. 
Also, in junction transistors there is a need to distinguish p-n-p from 
n p-n transistors but no such need for point-contact units. In the p-n-p 


% 



Fig. 4-8. Basic inverter circuit 


with junction transistors. 


11 MUMiHtor the emitter is identified by an arrowhead pointing toward one 
of I he regions labeled p. In the n-p-n transistor the emitter is identified 
liy mi arrowhead pointing away from one of the n regions. In each case 
Hi. direction of the arrowhead is in the direction of positive-to-negative 

iMin'cnt flow (opposite to the direction of electron flow). 

With the p-n-p inverter in Fig. 4-8(a) the output signal will be near 
Hi. collector supply voltage potential when the input signal is relatively 

I.|| 1 ye and is thereby holding the transistor in the cut-off condition. 

Willi vacuum tubes the anode current is substantially zero when the 
11 || I. jx cut-off, but in the case of transistors a collector current, i co , will 
|!mv In (ho so-called cut-off condition. The existence of this current does 
imi affect the principles of circuit logic, but since the magnitude of the 
current varies appreciably with temperature and with the condition of 
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the transistor, the output signal is not, in general, as stable as with tubes, 
and the design parameters of the system as a whole must be adjusted 
accordingly. When the input signal is relatively negative, the polarity of 
the potential difference between the emitter and base will cause the 
transistor to be brought into the conducting condition, and the output 
potential will rise toward ground. The output potential will nevertheless 
be negative with respect to ground by an amount equal to the sum of 
the voltage drops between the emitter and base and between the base 
and collector. As with i co , the magnitudes of these voltage drops are not 
exactly the same for all transistors nominally of the same type, and 
appropriate provision for the variations must be made in the circuit 
design. Since the potential level of the signal required at the base input, 
is not the same as the output signal level provided by another similar 
circuit, a voltage divider consisting of Ri and R 2 is provided. The basic 
functioning of this voltage divider is substantially the same as for vac¬ 
uum tube inverters. I 

An inverter circuit with an n-p-n transistor is shown in Fig. 4-8 (b). 
It is the same as the p-n-p inverter except that the polarities of the 
applied voltages are reversed, and the levels of the input and output sig« 
nals are at positive instead of negative values with the emitter grounded 

as shown. 1 

With the p-n-p inverter the transistor is capable of rapidly pulling M 10 

potential of the output line and its load to a relatively positive value 
when the input signal changes the transistor from the cut-off to the coud 
ducting condition. However, when the transistor is returned to the cut-nil 
condition, the current for returning the load to its negative potential 
must flow through R 3 . Since a small value of resistance for R s would 
cause an excessive current through the transistor, it turns out that the 
p-n-p inverter is more effective for high-speed operation when the output 
signal is positive-going than when it is negative-going. Also, minority 
carrier storage is a problem when the output signal is negative-going 
because the stored charge must be cleared away by collector current be¬ 
fore the transistor is returned to its cut-off condition. For similar reason* 
the n-p-n inverter is capable of rapidly bringing the output potential (0 
its relatively negative value, but is inefficient from the standpoint of 
driving the load when the output potential is positive-going. Since I mill 
types of inverters are available, the designer can select one type or Mitt 
other as required for a fast fall time or a fast rise time. Of course, sinno 
the bias of the signal level is different for the two types, the supply volt¬ 
ages used for one or the other, or both, should be chosen accordingly. Tim 
availability of the two types of inverters is a convenience not found will. 

vacuum tubes. V 
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If both a fast rise time and a fast fall time are required, two inverters, 
one of each type, can be combined to form a push-pull inverter as indi¬ 
cated in Fig. 4-8 (c). The function of each inverter is the same as before 
except that no collector load resistor is required. Symmetrical operation 
with respect to ground potential is obtained with supply voltages E\ and 
E 2 as indicated. The magnitude of E 2 should be greater than the magni¬ 
tude of Ei. 

Saturation in the Inverter. Although the magnitude of the input base 
current is small when the inverter is in the conducting condition, the 
proper functioning of the inverter depends on the fact that at least some 
base current is supplied by the input signal. (With vacuum tubes it is 
sometimes necessary to supply grid current to achieve high-speed opera- 

I ion, but the need for input current is not fundamental as it is with tran¬ 
sistors.) However, if the input current is excessive, minority charge car¬ 
riers will be emitted into the base region faster than the collector can 
draw them away, and the transistor will become saturated. The resist¬ 
ance values in the voltage divider at the input of an inverter must there¬ 
fore be chosen to limit the base current as well as to provide a signal 
bias shift if saturation is to be avoided. The value of ft of the transistor 
is another factor which affects the condition of saturation. With transis- 
lors having a large ft, a relatively small amount of base input current 
will bring the transistor into the fully conducting condition where the 
buse-to-collector potential difference is small. Although a high ft is de¬ 
ni rable in general, if the ft is larger than the value for which the circuit 
is designed, the input current will tend to cause saturation. It is there¬ 
fore necessary to specify a maximum as well as a minimum value of ft 
for the transistors to be used in a circuit with a given set of design pa¬ 
rameters. 

Since the input voltage divider in Fig. 4-8(a), for example, limits the 
Input current, the speed-up capacitor Ci is needed not only to overcome 
nl my capacitance in the input circuit but also to provide an initial surge 
of input current when the transistor is changed from the cut-off to the 
• onducting condition. Without the initial surge of input current the output 
Migiml would have a slow rise time, particularly if any capacitive load 

II him! be driven. When the transistor is returned to the cut-off condition, 
Min positive-going input signal applied to the base through C\ assists in 
providing an appreciable base-to-collector potential difference for remov¬ 
ing any stored minority charge carriers that might be present. Although 

large value for C\ is desirable for high-speed operation, it has the obvi¬ 
ous disadvantage of imposing more stringent requirements on the driving 

ulroult. 

Homo circuit variations for improving the inverter operation with re- 
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spect to the saturation problem are illustrated in Fig. 4-9 for the p-n-p 
transistor. Typical power-supply voltages are indicated. In Fig. 4-9 (a) 
diodes Di and D 2 have been added. Diode D i is a clamping diode which 
limits the swing of the collector potential in the positive direction. By 
this means the potential difference between the base and collector is 
maintained greater than a certain minimum value for all reasonable in¬ 
put signals, and the collector is thereby able to remove the minority 
charge carriers as rapidly as they are emitted. This expedient causes the 
power dissipated at the collector to be greater than otherwise, however. 


+I5v +I5v 



Fig. 4-9. Improvements in the inverter circuit. 


When diode D 2 is used as shown to limit the swing of the collector 
potential in the negative direction, it is possible to employ a much 
greater collector supply voltage than is possible without the diode. The 
value of Rz is chosen to produce substantially the same collector current 
as before when the transistor is in the conducting condition. Since the 
collector will be drawn toward the more negative supply voltage when 
the transistor is changed to the cut-off condition, the circuit will be more 
effective in removing stored charge, if any, from the transistor and will 
be more effective in driving any capacitive load, with the result that the 
fall time can be reduced. The clamping action of D 2 also serves to stabi 
lize the output signal potential when the transistor is cut-off. This hI .» 
bilization is needed when appreciable variations in i co are encountered, 
and in some instances this reason for including D 2 may be more com¬ 
pelling than saturation and speed requirements. 

In Fig. 4-9(b) diode Di is returned to a point on the input volt nun 
divider. With this circuit there is a sort of clamping and feedback net ion 
in combination. After the input signal is made sufficiently negative to 
cause a current to flow through Di in the forward direction, a furl her 
reduction in input potential will tend to pull the collector negative. Ako, 
any increase in base current will be opposed by the fact that the collertoi 
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will tend to apply a positive-going signal to the input circuit. The clamp¬ 
ing action on the collector and the feedback action for limiting the base 
current both help prevent saturation. 

The Emitter Follower Circuit. An emitter follower circuit with tran¬ 
sistors is analogous to a cathode follower circuit with vacuum tubes. The 
basic emitter follower circuit exists in two slightly different forms ac¬ 
cording as a p-n-p or an n-p-n transistor is being used, and as with the 
inverter, it is possible to have a push-pull emitter follower with one 
transistor of each type. These variations are shown in Fig. 4-10, with 



typical values of supply voltages. With an emitter follower a large cur¬ 
rent amplification can be obtained, but the voltage gain is slightly less 
than 1. As with the cathode follower, there is no inversion of the input 
signal. 

In the case of the p-n-p emitter follower in Fig. 4-10(a) the emitter 
output signal is always slightly positive with respect to the input signal 
m! I he base. Resistors R i and R 2 are included at the input to compensate 
for this shift in signal bias. These resistors also act as a voltage divider 
and therefore diminish the amplitude of the signal, but since the amount 
of the shift is small R 2 can be much greater than Ri, so that the ampli- 
ludo reduction is small. The ratio of R 2 to Ri can be increased by using 
n larger negative supply voltage for the input circuit. The supply voltages 
indicated for the transistor are typical of the values that might be se- 
Iccfed when the signal is to swing between ground and —10 volts. With 
Him swing a substantial potential difference between the base and collcc- 
ior is maintained at all times. For this reason the problem of saturation 
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is not encountered in the emitter follower to the extent that it is with 
the inverter and other transistor circuits. However, the collector power 
dissipation is generally much greater with the emitter follower. In an 
inverter circuit the collector current is small when the base-to-collector 
voltage is large, and when the collector current is large the base-to-col¬ 
lector voltage drops to a small value. On the other hand, the emitter and 
collector currents in an emitter follower remain substantial at all times, 
so that for a transistor of a given power rating the available output 
current is less in an emitter follower circuit than in an inverter circuit. 
The n-p-n emitter follower in Fig. 4-10 (b) is similar to the p-n-p circuit 
except that the polarities of the supply voltages are reversed and shifted 
appropriately for a signal which swings nominally between ground and 
— 10 volts. 1 

If the frequency response of the transistor is not large in comparison 
with the major component frequencies involved in the rise and fall times 
of the input signal, the output signal will overshoot particularly when 
the load has a large capacitive component. The cause of this overshoot, 
can be understood by assuming that the input signal potential suddenly 
changes from one value to another. With a transistor having a slow re 
sponse the output potential will change, but the change will not take 
place until after the input signal has reached its new value. During (lie 
time that the output signal is changing, the internal emitter-base con 
pling in the transistor acts as a capacitance and induces a further change 
in the base potential in the same direction as the original input signnl 
shift. This further change in the input signal allows the output potential 
to swing temporarily beyond its intended limit. With certain circui! 
parameters several cycles of oscillation may take place before the signal 
will stabilize at the new potential. To reduce or eliminate the overshoo I 
a large value for Ci may be used. If C\ is large, the signal fed back from 
the emitter will not be capable of building up a large voltage drop acroM 
Ri, and the overshoot will be damped. 

Another factor to be considered when the emitter follower is used in 
logical circuits is the effect of changing loads on the input line. The in 
terelectrode coupling capacitances in vacuum tubes are usually snmll, 
and the input can be assumed to be isolated from the load. With mnn\ 
junction transistors the large effective emitter-to-base capacitance n 
quires that the driving circuit for an emitter follower be capable of 
holding the input potential constant against a substantial feedback nr 
tion from the output circuit. The severity of this problem depends, of 
course, on the nature of the logical circuits in which the emitter follower 
is used. In general with digital circuits it would be desirable to allow thn 
output load to vary suddenly between zero and its maximum value 
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without an effect of sufficient amplitude on the input line to cause errors 
at other circuits being operated by the same driving circuit. 

The p-n-p emitter follower is efficient in pulling the potential of the 
output line in the negative direction, but current f through the emitter 
load resistor is required for pulling the potential in the positive direction. 
The opposite situation holds for the n-p-n emitter follower. In view of 
this complementary action, the two types of emitter followers can be 
combined to advantage as indicated in Fig. 4-10(c). The two R 2 resistors 
in this circuit are shown connected by dotted lines, and it might be well 
to eliminate them because any current through them will be shunted by 
the low resistance path formed for forward emitter-to-base resistance of 
the two transistors. It is possible to eliminate all of the components in 
the input circuit and to connect the input signal directly to the transistor 
bases, although the small voltage drop which occurs across the Ri in 
series with the base of one transistor when it is heavily conducting is 
useful in holding the opposite transistor in a cut-off condition. 

Switching Circuits Formed with Inverters and Emitter Followers. 
Fig. 4-11 shows several logical switching functions that can be obtained 
with junction transistors in inverter and emitter follower circuits. These 
switching functions are analogous to the parallel inverter switch and the 
cathode follower or circuit containing vacuum tubes, but in the case of 
transistors the availability of both p-n-p and n-p-n types allows more 
flexibility. The supply voltages indicated in Fig. 4-11 are all typical 
values which might be chosen when the signal swings nominally between 
about —2 and —8 volts, but these parameters can be varied widely. 

The circuits in Fig. 4-11 (a) and (b) are of the emitter follower type, 
and they produce the and and or functions with the p-n-p and n-p-n 
transistors, respectively. 

'Fhe two p-n-p inverters with a common collector load resistance in 
Fig. 4-11 (c) produce a positive output signal in all cases except when 
both of the input signals are positive, and the switching function may 

therefore be said to be AB, which is the same as A + B. In Fig. 4-11 (d) 
(he n-p-n inverters with the common collector resistance cause a positive 
output signal to appear only when both input signals are negative. This 

function may be expressed as A + B, which is the same as AB. These 
circuits are analogous to the vacuum tube parallel inverter switch. 

Die A input can be applied to a p-n-p emitter follower which has a 
load resistance that is common to the load resistance of an n-p-n inverter 
(o which the B input is applied. The resulting circuit will produce an 
output only when A is positive and B is negative. This function is repre- 

Rcnteri by ATI. Such a circuit is shown in Fig. 4-11(e). Similarly a p-n-p 
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Fig. 4-11. Switching functions with junction transistors. 


inverter and an n-p-n emitter follower can be combined to yield tlm 

B + A function as in Fig. 4-11 (f). J 

With each of the circuits in Fig. 4-11 (a) through (d) three or more 

transistors may be employed to obtain switching functions which ivrf 
obvious extensions of the functions indicated. Also, in Fig. 4-11 (e) atid 
(f) any number of either type of transistor may be used. For example, 
in Fig. 4-11 (e), if a second n-p-n transistor in an inverter circuit with it 

C input is included, the output function will be A (B + C) . J 

Push-pull operation of the type described for the single inverter or 
emitter follower is not possible when two or more circuits are combined 
to form logical functions. The reason is that each combination for logienl 
purposes produces a different logical function, and further combination! 
for push-pull operation are therefore not compatible. I 

The Junction Transistor Flip-flop. Flip-flops for binary storage are 
formed with junction transistor inverter circuits in substantially Hie 
same way that flip-flops are formed with vacuum tube inverters. Tim 
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(c) Positive Input Pulses (d) Negative Input Pulses 

Fig. 4-12. p-n-p Junction transistor flip-flops. 


del ailed design considerations tend to be quite different, however, be- 

• itiiHe of the considerable differences in the characteristics of tubes and 
transistors. The basic p-n-p flip-flop circuit is shown in Fig. 4-12(a). 
Transistor saturation plays the same important role with the flip-flop 
Hull it does with the inverter. In some respects saturation is even more 

• •! ii problem with the flip-flop when the signals which change a transistor 
I mm (Ik* conducting to the cut-off condition are temporary pulses. For 

• rttuple, the signal to the input capacitor may be either positive-going 
mi negative-going. A positive-going signal would be applied to the con- 
ihu ling transistor to carry it into the cut-off region; but if the transistor 
i - in saturation, the signal applied through the input capacitor must be 
•'i nllieicnf amplitude and duration to hold the transistor in the cut-off 
l‘Miulilinn until the collector has been able to clear the stored minority 
i mi i in's in the base. The feedback action in the flip-flop will be delayed 
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until a large fraction of the stored charge has been cleared. On the other 
hand, if a negative-going input signal is used to start conduction in an 
initially cut-off transistor, the conduction will be started very quickly. 
In this case it is necessary that the signal applied through the cross¬ 
coupling network to the opposite transistor be of sufficient strength to 
hold that transistor in a cut-off state while the stored charge is being 
cleared. When choosing the polarity of input pulses to be used, a choice 
must be made between a relatively strong input signal and a relatively 
strong signal applied through the cross-coupling network. The relative 
advantages in the two cases depend upon the nature of the circuits with 
which the flip-flop is being used; in some applications positive input 
pulses have been chosen, whereas in other applications the choice has 
been negative pulses. The saturation problem can be diminished and the 
speed of the flip-flop improved through the use of clamping diodes on 

the collector as described for the inverter circuits. 

Another method of diminishing the effects of saturation is to employ ft 
common emitter-biasing resistor as indicated in Fig. 4-12 (b). This circuit 
is similar to the vacuum tube flip-flop having a common cathode resistor. 
In the case of vacuum tubes the purpose was stabilization and elimina¬ 
tion of one power supply voltage, but in the case of transistors the major 
function of the emitter resistor is to limit the emitter current by reducing 
the emitter-to-base voltage when the collector current becomes large.. 

When the two input lines are tied together, complementing operation 
is obtained in that a pulse on the common input line will cause the flip-flop 
to change to its opposite state. Less input power is required and higher 
speed is obtained if circuits are included to direct the input pulse to the 
proper transistor. A circuit of this type for positive input pulses is shown 
in Fig. 4-12 (c). With vacuum tubes it was possible to develop a gating 
circuit which sensed the initial potential of each grid. In this case tho 
potential of the base, which corresponds to the grid, does not change 
greatly, because a transistor is largely a current-operated device inslmd 
of a voltage-operated device. It is therefore preferable to obtain tilt 
gating signal from the collector. In Fig. 4-12 (c) the gating circuit on till 
left-hand side is composed of Di f Ri, and C\. When the corresponding 
transistor is in the conducting condition the potential at the junction of 
these components is brought to a relatively positive value, and a positiVi 
input pulse will pass through D\ to the base. When the transistor is in the 
cut-off condition, Di will be biased in the reverse direction and no input 
pulse will pass. Diode D 2 is not necessary, but it allows the collector In 
bring the junction potential to its relatively positive value at a ntpid 
rate, and it thereby increases the pulse repetition rate at which tho (llp« 

flop can operate. I 
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The complementing circuit for negative input pulses is shown in Fig. 4- 
12(d) and is similar to the previous circuit, except that D i is connected 
in the opposite direction. In this circuit R 2 is needed to hold Di in the 
high resistance direction when the corresponding transistor is conducting. 
A diode in the position of D 2 in the previous circuit but connected in the 
opposite direction would be undesirable in this circuit because a low 
resistance path through Di and D 2 would be created between the base 
and collector. 

All of the circuits in Fig. 4-12 have n-p-n counterparts. When n-p-n 
transistors are used the relative polarities of all supply voltages and 
signals are reversed, but there is no alteration in logical function. 



(o) (b) 


I'm. 4-13. Flip-flop circuits employing both p-n-p and n-p-n junction transistors. 

If is possible to employ both p-n-p and n-p-n transistors in a flip-flop 

< limit. One such arrangement is shown in Fig. 4-13(a), which is merely 
11 in combination of a p-n-p inverter and an n-p-n inverter in a feedback 

< limit, A push-pull type of operation is achieved with the circuit in 
lig I- 13(b). Numerous variations and refinements can be devised for all 
ol (lie flip-flop circuits which have been described. These variations in- 

• hide flu* placing of emitter followers in the feedback loop and the use 

• d driving circuits corresponding to the vacuum tube pull-over circuit. 

Klcmcntary System of Circuit Logic with Junction Transistors. In 
principle, the elementary system of circuit logic described for vacuum 




































164 Digital Computer Components and Circuits 

tubes can be duplicated in every respect with the junction transistor cir¬ 
cuits described in the previous sections. About the only major point of 
difference from the standpoint of circuit logic is that the transistor flip- 
flop circuits may tend to show less discrimination between positive-going 
and negative-going signals applied through capacitors in the input lines. 
For this reason it is preferable to avoid simple capacitor coupling be¬ 
tween the driving circuit and the flip-flop. The pulses of unwanted po¬ 
larity produced by capacitor differentiation can be clipped off or elimi¬ 
nated in any of a number of different ways, of which the diode input 
circuits of Fig. 4-12 (c) and (d) are examples. 

It will be found when designing a set of inverters, emitter followers, 
flip-flops, diode switches, and other circuits to be assembled into a system 
of circuit logic that the transistors must be of high quality where the 
quality is measured in terms of low i co , high /?, low temperature depend¬ 
ence, and other similar factors. Although the design of an individual logi¬ 
cal block may appear satisfactory with mediocre transistors, the output 
signal from a given circuit when it is loaded will often fail to meet 
the input requirements of the circuit which it must drive, particularly if 
it is necessary, as it generally is, to drive a multiplicity of other circuits. 
The development of design criteria for satisfactory performance is 
straightforward except that the many factors which must be taken into 
consideration tend to make the subject too complex to include here in 
view of the large number of different circuits that might be used and 
the even larger number of types of interconnections that might be made 
between the various logical blocks. j 

A Diode Gate System of Circuit Logic with Junction Transistors. 
The junction transistor flip-flop may be used in a diode gate system of 
circuit logic in substantially the same fashion as was described for vac¬ 
uum tubes. In this system of circuit logic all flip-flops are operated simul¬ 
taneously by a series of clock pulses, although the clock pulses do not 
perform any retiming or reshaping function. At each time step the clock 
pulses set each flip-flop in one stable state or the other in accordance 
with the status of the flip-flops at the previous time step. The logical 
functions relating the status of the flip-flops from one step to the next 
are always the same for a given machine design, and switching circuit* 
of the type described in Fig. 4-11 or diode switching circuits, or a com¬ 
bination of the two, may be used to perform these functions. 

In Fig. 4-14 (a) components Ri, C i, and Di perform the diode gating 
function for a p-n-p flip-flop. Although the figure shows a gating inpul on 
only the left-hand side of the flip-flop, a similar circuit would be used on 
the right-hand side also. The potential at the input line marked mum 
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Fig. 4-14. Diode gate system of circuit logic 


would be at one of two values. If the potential is at or near ground, the 
I him 1 1 ve clock pulse will be gated to the flip-flop, and the left-hand tran- 
i- lor will become cut-off. If the input potential from the logical switch- 
ini' circuits is at its relatively negative value, Di will be connected in the 
lili'h resistance direction, and the clock pulse will not pass. Resistor R 2 , 
which has a relatively high resistance, is not necessary from a logical 
• i midpoint , but it serves to hold the input potential slightly negative and 
I hereby prevents unwanted actuation of the flip-flop in the event that the 
Input from the logical circuits becomes somewhat positive. By making the 
h i Inner of R\ very large, the input impedance of the gate can be made 
CMiirspondingly large; but the time duration between clock pulses would 
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have to be increased accordingly because the current for charging C 1 
must come through R lt Also, the back resistance of D 1 should be large 
relative to the resistance of R\. Note that the diode gate arrangement is, 
in effect, a current-amplifying circuit in that a small current from the 
logical circuits is used to store charge in C 1 , and this charge is subse¬ 
quently supplied to the transistor as a large current for a short time for 
the purpose of actuating the flip-flop. 

If the flip-flop is of the complementing type, the circuit in Fig. 4-14 (b) 
is useful. Resistor R 2 has a lower value of resistance than in the previous 
circuit and is returned to the collector of the transistor in the flip-flop. 
In this way the cut-off transistor holds the input point at a somewhat 
negative potential so that the clock pulse is not gated to this transistor 
but is gated only to the transistor which is initially in the conducting 

condition. j 

Another form of the diode gate system of circuit logic is illustrated in 
Fig. 4-14 (c) where the clock pulses are applied at the input to the diode 
switching array instead of at the input to the flip-flop. The arrangement 
has the advantage that the binary input signal may be taken directly 
from the collector of a flip-flop, with the result that the two levels arc 
better defined than when the signals are passed through diode switching 
and cathode follower circuits. The signal passed through the diode switch¬ 
ing circuits is therefore either a well-defined pulse or the absence of a 
pulse. 

When pulses are employed in this manner, three levels of diode switch¬ 
ing in or-and-or form may be utilized as indicated. Diode D i, which was 
for the original purpose of acting as a gate, may also perform in the ca¬ 
pacity of one of the diodes in the first level of or switching. The resistance 
of Ro must be small enough relative to the resistance of R 3 to be capable 
of holding the potential at the input to the and switch negative with 
respect to ground. Otherwise, unwanted current will flow through R 3 and 
Dq to the flip-flop on the right. However, for proper operation of the 
input gate, the potential at this point should not be allowed to fall much 
below ground, and diode D 7 is included to clamp the potential at thin 
value. Actually, a slightly negative clamping voltage might be desirable 
to insure that Dq is in the high-resistance direction. When a positive 
pulse is applied at D x the current initially flowing through R 3) L\ } /)», 
and R 2 is diverted through Dq to the flip-flop. Since the inductance of l< i 
tends to maintain a constant current flow, it is possible to utilize a smaller 
positive supply voltage and a smaller resistance for R 3 than when I he 
and circuit contains only a resistive element. The or switch at the in pul 
to the flip-flop being actuated does not need a load resistor because I he 
flip-flop circuit and the transistor itself will provide sufficient load to 
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return the potential at this point to its relatively negative value at the 
termination of a pulse. 

Countless variations and elaborations on the circuit in Fig. 4-14(c) are 
possible. For one thing, the gate circuit may be isolated from the driving 
(lip-flop by a suitable emitter follower or inverter circuit. By this means 
the resistance of Ri may be reduced or even eliminated, with a resultant 
increase in the maximum pulse repetition rate of the system. Also, emitter 
followers for current amplification may be inserted at the input to the 
flip-flop being driven. Another variation is to insert a capacitor at the 
input of the driven flip-flop. Such a capacitor allows the bias level of the 
signal within the flip-flop to be independent of the bias level of the signal 
transmitted through the diode switching array, although in this case a 
load resistor is required for the output or switch. Still another variation 
ih to insert a capacitor between the and switch and the output or switch. 
'The circuit then becomes compatible with the circuit in Fig. 4-12 (c) for 

complementing operation. 

Only one leg of the logical path is shown in Fig. 4-14(c), but the in¬ 
clusion of the circuits in the other legs is straightforward. It may appear 
that a great multitude of clock pulse gates would be required for all of 
the legs in the logical array, but it is possible to “branch” the diode cir¬ 
cuits at three different points. That is, each clock pulse input may be 
used to drive two or more or circuits in the first level, the output of the 
nit circuit may be used to drive two or more and circuits, and an and 
circuit may drive two or more or circuits in the last level. In fact, in 
principle the maximum number of clock pulse gates required is two per 
(lip-flop, one for each side. This number is the same as when the gating is 
dune at the flip-flop inputs. 

A variation in the diode gate is shown in Fig. 4-14 (d). With this circuit 
(lie driving flip-flop charges Ci in the positive direction through the low- 
resistance path provided by D 8 . When the input potential changes in the 
negative direction C i is discharged through R±. The circuit provides for 
high-speed charging of C i, but for high-speed discharging it is necessary 
I Imt a heavy steady-state load be placed on the flip-flop. A more impor- 
I mil advantage of the circuit is that D 8 is in the high-resistance direction 
w lien the clock pulse is applied, so that there is a minimum tendency for 
Hie dock pulse to cause unwanted actuation of the driving flip-flop. How¬ 
ever, if the current through D i discharges C\ appreciably during the time 
(hat the clock pulse is positive, a negative-going pulse may be returned 
In the driving flip-flop at the termination of the clock pulse. 

A l)-C System of Circuit Logic with Junction Transistors. The flip- 
flops and other junction transistor circuits which have been discussed in 
previous sections can be adapted to a d-c system of circuit logic that 
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has been developed for vacuum tubes. It happens that with some transis¬ 
tor types it is possible to obtain a circuit simplification by eliminating 
the voltage divider network between the collector output of one transistor 
and the base input of the next transistor. This simplification can be 
achieved with some junction transistors, but it is particularly well suited 

to surface-barrier transistors. 1 

Surface-barrier transistors are similar in many respects to junction 

transistors, but the method of fabrication is quite different and there are 
differences in the principles of operation. In a surface-barrier transistor 
there is only one semiconductor region, and emission and collection of 
minority carriers in this region are accomplished by metallic electrodes 
separated from the region by a small “surface barrier.” Since available 
transistors of this type correspond to p-n-p junction units, the same sym¬ 
bol will be employed. Surface-barrier transistors generally have a higher 
frequency response and lower voltage ratings than certain “ordinary 
junction transistors, but these relative properties are not inherently re¬ 
lated to the transistor type. The requirement for the elimination of the 
voltage divider network is that the emitter-to-collector voltage drop bo 
very small when the transistor is conducting and that the transistor lx* 
substantially cut off when the base is slightly negative with respect to 

the emitter. 

The basic logical circuits without the voltage divider networks aro 
illustrated in Fig. 4-15. A series of three inverters is shown in Fig. 4- 
15(a). If the base of transistor V x is held negative to cause conduction, 
the collector potential will rise sufficiently close to ground to maintain 
V 2 in a cut-off condition. The negative collector signal from V 2 will hold 

V 3 in the conducting condition. ■ 

Transistors V 2 and F 3 in Fig. 4-15 (b) form a conventional flip-flop 
circuit in that the output signal from one is returned to the input of t ho 
other. The other two transistors are needed for the purpose of changing 
the flip-flop from one stable state to the other. A negative signal at ilm 
base of V\ will cause the potential at the collector of V 2 to rise to itf 
relatively positive value, and since this point is connected directly to thfl 
base of Vs, this transistor will become cut off. A negative signal at thd 
base of F 4 returns the flip-flop to its opposite state. ( 

The two basic switching circuits with this d-c system are shown in 
Fig. 4-15(c) and (d). The circuit in Fig. 4-15(c) is substantially Him 

same as the parallel inverter switch, which provides the function A 
Because of the small voltage drop between the emitter and collector i! i* 
feasible to connect two or more transistors in series as in Fig. 4-15(d), 
The output signal from this circuit is at the relatively positive potential 
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when current is allowed to flow in both transistors, which implies that 
both the A and the B input lines must be negative. The function may 

therefore be said to AB. Note that the functions produced by the circuits 
in (c) and (d) are not independent of each other in that one function 
can be obtained from the other through the use of extra inverters. 

When assembling the individual logical functions to form computer 
functions the same problem of unwanted inversions of signals is encoun¬ 
tered with this system of circuit logic that was encountered with the ele¬ 
mentary vacuum tube system. However, by using ingenuity it is possible 
to find interconnections that are quite economical in the number of com¬ 
ponents consumed. For example, the circuit presented in Fig. 4-15 (e) is 
a full binary adder—a device for producing the sum of the two digits in 
corresponding orders of two binary numbers, with provision for adding 
the carry from the next lower order and producing the carry signal for 
the next higher order. The adder contains only twelve transistors and 
three resistors. The A and B input signals represent the two digits to be 
added, and C represents the carry signal from the next lower order. Both 
the normal and inverted inputs are used. In the case of A and B the in¬ 
verted input can be obtained from the opposite side of the flip-flop hold¬ 
ing the digit, and in the case of C an inverter is included in the full adder 
of the next lower order. 

If it is assumed that a positive signal represents a 1 at any point in 
the circuit, the sum digit is generated at the output line marked sum. In 
a full adder the sum digit should be 0 when none or two of the input 
signals are 1, but should be 1 when Vs are present at one or all three, of 
the input lines, A, B, and C. That the desired output signal is generated 
can be ascertained by observing the conditions which will produce a rela¬ 
tively positive potential at the sum output line. A current can flow 
through R 3 and produce a relatively positive potential if all of the 
transistors between this point and ground are in the conducting condition. 
One possible path between this point and ground is through transistors 
Vi, F 5 , and Vn. These transistors will be conducting when their respec¬ 
tive input signals are negative; and with the input signals as indicated, 

a conducting path will be obtained when the Boolean quantity ABC is 
equal to 1. Since one of the input signals is relatively positive, it is one ot 
the cases for which the sum digit should be 1 and for which the sum line 
should be relatively positive. The other possible paths are through F y , 
F 6 , and Fn, through V 2 , V 7 , and V 12 , and through F 3 , F 8 , and F ly . A 
study of the input signals at these transistors will show that all of the 
required conditions for a correct sum digit are satisfied. 

The determination of the signal appearing on the carry output line in 
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Fig. 4-15 fe) can be made by a similar process. By following the paths 
through the transistors between this output point and ground it still be 
found that the signal will be relatively positive when the Boolean quan¬ 
tity AB + ABC + ABC is equal to 1, but it can be shown that this 
quantity is equivalent to AB + AC 4- BC, which implies that any two 
or all three of the input signals are 1 when the quantity as a whole is 

equal to 1. The carry output signal is obtained from transistor F 9 which 
functions as an ordinary inverter. 

If the full adder circuit in Fig. 4-15 (e) is to be used in a parallel binary 
accumulator, the carry signals w r ould be transmitted directly from one 
adder to the next. The A and B input signals would probably be sup¬ 
plied by flip-flops. The output signal for the sum could be used for con¬ 
trolling a gate that would in turn control the setting of a sum flip-flop to 
one state or the other. To continue the illustration of how the individual 
logical blocks can be assembled, a dotted line is shown from the sum 
output line to the emitter connection of another transistor designated Vi 3 . 
If this transistor corresponds to the V\ transistor in Fig. 4-15(b), a con¬ 
venient method is obtained for setting a flip-flop according to the status 
of the output signal. When this arrangement is used it is possible to re¬ 
move R 3 from the circuit. 

A circuit suitable for generating pulses that can be used for gating the 
input signals to flip-flops and for other purposes is shown in Fig. 4-15(f). 
It is one of a class of circuits often called “monostable” flip-flops or 
“single-shot” multivibrators. The circuit is similar to a flip-flop but will 
remain in a condition of stable equilibrium in only one of its two possible 
slates. In the absence of external signals the current through R 2 to a 
negative supply voltage will hold transistor V 3 in its conducting condition, 
flic relatively positive potential at the collector of this transistor is ap¬ 
plied to the base of F 2 , with the result that V 2 is held in the cut-off con¬ 
dition. Transistor V\ is also normally in the cut-off condition. If a nega¬ 
tive input pulse is now applied to the base of V the resulting rise in 
potential at the collectors of V\ and V 3 will cause a positive pulse to be 
panned through C\ to the base of F 3 . As in a flip-flop, the feedback action 
will rapidly carry the circuit to the condition where F 3 is fully cut-off 
mimI F y is conducting. However, the circuit will not remain in this state 
indefinitely. The current through R 2 will drain the charge from C 1 , and 
after an amount of time determined by the various circuit parameters, 
1 , will start to conduct again and will initiate a feedback action that 
will rapidly restore the circuit to its original condition. A delayed nega- 
1 in 1 output pulse can be obtained by using a capacitor to differentiate the 
.•ij'iial produced at the collector of F 2 . By connecting several of these 
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circuits in cascade a series of pulses can be generated as required for con¬ 
trolling the operations in a computer. 

A d-c system of circuit logic based on circuits of the type shown in 
Fig. 4-15 has the advantage of requiring very few components other than 
transistors. In fact, as the examples show, even the number of resistors 
tends to be smaller than the number of transistors. Also, since the collec¬ 
tor supply voltage may be less than 2 volts (negative) the power con¬ 
sumption is quite small, and high-speed operation is possible not only 
because of the transistor characteristics but also because the small signal 
swing minimizes the requirements for charging the various stray capaci¬ 
tances. 

Disadvantages of the system include the fact that the very low voltages 
are generally undesirable for operating the input-output devices and in¬ 
dicators that are required for practically all computers. Another objec¬ 
tion to the low voltages is that the connections between circuits must be 
of very high quality. This problem can be particularly severe when plug¬ 
gable assemblies with sliding mechanical contacts or other forms of un¬ 
soldered connections are used. The design of logical arrays with circuits 
of this type tends to be complex because of the inversions which occur 
in each circuit whether inversion is wanted or not. The small signal 
swings prevent the convenient integration of diode switching circuits into 
the system, and the multiplicity of transistors required for the switching 
functions tend to increase the cost of the system in comparison with 
systems where the switching functions can be realized with relatively in¬ 
expensive diodes. 

A computer known as Transac, built at the Philco Corporation, em¬ 
ploys surface-barrier transistors in a d-c system of circuit logic of this 
type. 

A “Gated Pulse Amplifier” System of Circuit Logic. Transistor ver¬ 
sions of the vacuum tube pentode gate for pulses can be developed in any 
of several different ways. Two such versions that have received serious 
design effort and have been put to practical use will be used as examples. 
The circuits described in this section have been studied at the Radio 
Corporation of America, and the circuits described in the next section 
have been used at Sylvania Electric Products, Inc. 

Only two basic circuits are required to form a complete system of cir 
cuit logic. These two circuits are the “gated pulse amplifier” and the 
flip-flop. They are shown in Fig. 4-16 with specific component parameters 
for purposes of illustration, although the parameters would of course vary 
widely from one application to the next and would be dependent upon 
the characteristics of the transistors being used. The gated pulse amplifier 
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Fig. 4-16. A “gated pulse amplifier” system of circuit logic. 


m Fig. 4-16(a) functions as an ordinary emitter-input pulse amplifier 
except that a pulse is allowed to pass or not in accordance with the value 
of a d-c Rating signal applied to the base. If the emitter is biased at —6 
volts, ft positive pulse with an amplitude of about 3 volts will cause con- 
due! ion in the transistor when the base is held at —6 volts. However, 
when the base is held at ground potential, the input pulse will not be 
MilUcicnt to carry the transistor into the conducting region. Since a rela- 
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lively negative signal allows passage of the pulse, it is convenient with 
this system of circuit logic to invert the customary convention with 
regard to l’s and 0’s insofar as the d-c signals are concerned. That is, a 1 
is represented by a negative signal. However, with the pulse signals a 1 

is still indicated by the presence of a positive pulse. 

If the pentode gate system described in the previous chapter were to 
be simulated very closely, the or function would be obtained by using 
two (or more as required) pulse input lines to the emitter, each input 
line being supplied with a separate diode in a conventional diode or cir¬ 
cuit. It happens that this particular variation was not the one that was 
used. Instead, diode switching circuits were placed in the path of the 
d-c gating signals at the base input. The circuits as shown perform an 
OR-to-AND function, with the assumption of negative signals for Ts as 
mentioned in the previous paragraph. Note that because of the symmetric 
nature of the flip-flop, negative and positive signal representations are 
available with equal facility. Although numerous changes in detail arc 
required when applying this circuit to logical problems in comparison 
with the arrangements that would be used with or circuits in the pulso 
channels, the basic concepts are substantially the same. A good illustra¬ 
tion of the way in which the gated pulse amplifier and the flip-flop arc 
assembled to perform logical functions can be obtained readily by apply¬ 
ing these circuits to the example given for pentode gates in Fig. 3-18. 

The capacitor in the base circuit of the pulse amplifier of Fig. 4-16(a) 
serves to hold the base at a reasonably constant potential during the time 
that a pulse is being amplified, but the capacity of this capacitor should 
not be so large that the response time of the diodes switching circuits iH 

excessively long. 

Two output windings are shown on the pulse transformer in the col¬ 
lector circuit. Positive pulses are produced on the lower winding, and 
these pulses are used to drive the pulse input lines of other gated pul 80 
amplifiers. Pulses of either polarity can be obtained from the upper wind¬ 
ing. If a flip-flop is to be driven, the positive terminal is connected to an 
appropriate bias potential, and the negative pulses produced at the other 
terminal are used to operate the flip-flop. When a given pulse ampliflol 
must supply signals for a large number of other pulse amplifiers or Hip- 
flops, it may be necessary to amplify the pulse by means of a special 
power pulse amplifier. In this case the top output winding may be used 
to drive the power amplifier by connecting the winding to produce pulncN 
of the polarity and bias potential required by the amplifier circuit. 

The particular flip-flop circuit which was used in this system of circuit 
logic is shown in Fig. 4-16(b). It is a combination of several feature* 
which have already been described. ■ 
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Another “Gated Pulse Amplifier” System of Circuit Logic. Fig. 4-17 

shows the principal circuits of a system of circuit logic which is almost 
identical to the previous one with regard to its logical characteristics, but 
is quite different in circuit details. Again, specific component parameters 
have been shown for purposes of illustration, but these values would vary 
widely in different applications. 

The pulse-gating circuit is given in Fig. 4-17(a). If the d-c gating 
signal is at its relatively positive value of +5.5 volts, a current will flow 
through the series circuit consisting of the two resistors, the diode, and 
the secondary winding of the pulse transformer. The capacitor will be¬ 
come charged to a potential determined by the voltage divider action of 
the resistors. When a pulse is applied to the primary winding of the pulse 
transformer, the positive pulse induced in the secondary winding will 
cause the flow of current to be terminated in this branch of the circuit, 
and the capacitor potential will then appear on the output line. On the 
other hand, if the d-c gating signal is only +0.5 volts, the capacitor 
charge will be small, and only a small pulse can pass through the circuit. 
|(, might seem, preferable for the d-c gating potential in this case to be 
negative with respect to the bias potential at the bottom terminal of the 
Hccondary winding, but the signal levels indicated can be supplied con¬ 
veniently by the other circuits in the system, and the relative bias and 
Mupply voltages used with the various circuits are such that the “1 pulses” 
need not be eliminated completely. 

'Fhe gated-pulse amplifier used with this system of circuit logic is shown 
in Fig. 4-17(b). This circuit is the same as the previous one except that 
ti base-input transistor amplifier has been added. The diode in the collector 
circuit is to prevent transistor saturation, and it functions in a manner 
nimilar to the corresponding diodes in inverter and flip-flop circuits that 
have been discussed previously. When assembling the circuit building- 
blocks to perform some logical function, the amplifier circuit must be 
used whenever a pulse is to pass through two or more gating circuits in 
succession, but the nonamplifying pulse-gating circuit is satisfactory when 
I hr pulse in question passes through only one gate from the pulse source 

(o a flip-flop input. 

The and and or functions other than those provided by the gate 
circuit itself are obtained by the use of conventional diode switches as 
Indicated in Fig. 4-17(c) and (d), respectively. Each such switch is 
provided with an emitter follower output circuit for current amplification. 
Only d-c signals are passed through these circuits. The inputs in each 
mMr arc taken from the output lines of flip-flops, and output signals are 
lined for the d-c signal input to the gating circuits. In principle, the diode 
switches can be cascaded to produce complex logical functions; but in 
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practice it is found that the number of levels that can be used is severely 
limited by the loss in voltage amplitude of the signals in the emitter fol¬ 
lowers. Note that a relatively positive signal can be adopted as the desig¬ 
nation of a 1 at all points in the system when this form of gated pulse 
amplifiers is used. 

The particular flip-flop circuit which was designed for this system of 
circuit logic is shown in Fig. 4-17(e). The principle difference between 
this flip-flop and others which have been described is that push-pull 
emitter followers have been inserted in the feedback paths from the col- 
Irctor of one transistor in the flip-flop to the base input circuit of the 
other transistor. The major purpose of this refinement is to gain an in¬ 
crease in the speed of operation by reducing the loading within the flip- 
llnp itself. In fact, with the circuit parameters shown and with transistors 
having a nominal upper frequency limit (usually designated by the sym¬ 
bol a ro ) of 5 megacycles, it has been claimed that satisfactory operation 
lit a pulse repetition rate of 1 megacycle is achieved even when the circuit 
parameters and the ambient temperature vary widely. Other purposes 
nl the emitter flolowers are to provide an output signal capable of operat- 
mg several gating circuits and to isolate the flip-flop from spurious signals 
which may be returned on the output line. 

With the particular set of circuits shown in Fig. 4-17 a complementing 
11 1 p-flop is formed through the use of a flip-flop as shown, together with 
I wo of the pulse gating circuits. An example of how these circuits might 
bn used in a binary counting chain is given in Fig. 4-18. A block labeled 



Input 

Pulses 


Fid. 4-18. A binary counter employing the circuits of Fig. 4-17. 


(•' represents a pulse gating circuit without amplification, and the GA 
blin ks designate gating pulse amplifiers. Because of the gating circuits, 
mii input pulse will set the flip-flop on the right-hand side of the figure to 
I il il was on 0 initially, but will set it to 0 if it was on 1 initially. Also, 
il I his flip-flop is on 1 at the time of the input pulse, the pulse will be 
i mi rd through a pulse amplifier to the second flip-flop, where a similar 
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action will take place. A 1 in this flip-flop will cause the pulse to be gated 
to the third and successive flip-flops in an analogous manner. This action 
is as required for causing the flip-flops to produce a binary representa¬ 
tion of the number of input pulses which have been applied. For another 
illustration of the use of this system of circuit logic it is suggested that 
the necessary logical configuration be worked out for applying the cir¬ 
cuits to the example given for pentode gates in Fig. 3-18. 

The Current-Switching Mode of Operation. The current-switching 
mode of operation is a recent development in the adaptation of transis¬ 
tors to digital computer circuits. Circuits of this type are particularly 
attractive for use in applications where very high pulse repetition rates 
(1 megacycle and up) are involved. In some respects, the mode of opera¬ 
tion is an elaboration of the system shown in Fig. 4-15, but there are 
some fundamental points of difference. ( 

It can be shown that for a given circuit type the power that must be 
dissipated by the various resistances in the circuit is generally propor¬ 
tional to CE 2 f, where C is the capacitance in the circuit, E is the voltage 
to which the capacitance must be charged, and / is the pulse repetition 
rate or frequency. When designing a circuit it is usually found that there 
is a lower limit to C, this lower limit being set by the stray wiring capaci¬ 
tance. Close attention to the details of the physical arrangement of the 
various components and connections is important in minimizing C. How¬ 
ever, for a small C the dimensions of the conductors must be made as 
small as possible while the dimensions between conductors must be made 
as great as possible, and these conflicting dimensional effects create prac¬ 
tical limitations. In view of the practical lower limits on C and, what in 
more important, in view of the squared relationship between E and power 
consumption, the need for small voltage swings becomes increasingly 
pressing as higher and higher frequencies are to be used. The need for 
small voltage swings can also be expressed in terms of current require 
ments. As the frequency is increased, the time available to charge a 
given amount of capacitance decreases so that a proportionately larger 
current is required to charge the capacitance to a given voltage. There 
fore, in the interests of being able to use components with reasonable 
current-handling capabilities, it is necessary that small voltage swing* 
be used at high frequencies. 

The circuits in Fig. 4-15 operate with only a very small voltage swing 
in the signal between successive transistors. One factor, as was men 
tioned, is the low-power supply voltage that can be used. Another fuel nr 
tending to yield signals of small voltage amplitude is the fact that when 
a given transistor is cut off, its collector potential does not change much 
in the negative direction because of the low cmittcr-to-base resist alien 
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of the transistor or transistors to which it is sending a signal. In addition 
to the problems already cited in connection with the use of circuits of 
that type, it has been found that there are two other serious difficulties. 
(I) Relatively small voltages induced extraneously in the leads between 
transistors can easily produce errors, and therefore careful shielding of 
I he leads and a good low-resistance ground circuit are imperative. ( 2 ) 
'The nature of the circuits is such that the transistors are carried far into 
the region of saturation when they are in the conducting condition. Be¬ 
cause of their state of saturation, the maximum achievable pulse repeti- 
tion rate is much less than would be the case if it were not necessary to 
remove the stored minority carriers on each cycle. 

The principle of the current-switching mode of operation is to operate 
I he circuits with power supply sources that are substantially constant- 
current in nature and to use the information signals to direct the flow of 
current within the circuit. Although a constant-current source can be 
simulated to a close approximation by a relatively high constant-voltage 
Miipply feeding through a series resistor, the nature of the circuit action 
in quite different from the more familiar circuits where constant power 
supply voltages bear a more direct relationship to circuit performance. 
The basic current-switching circuit with p-n-p transistors is shown in 
Kig. 4-19(a). As before, the magnitudes of the various voltages, currents, 
and resistances are for the purpose of illustration and can be varied over 
wide limits. A constant current of 6 milliamperes flows into the emitters 
nf transistors V± and V 2 . As will be shown shortly, the entire amount of 
i Ik* current flows to one or the other of the transistors and does not divide 
between them except when the binary input signal is changing from one 
value to the other. The constant current is shown as being supplied from 
a supply voltage, +E lf which feeds through a resistor, R±. Voltage +Ei 
in large relative to the voltage swings in the circuit, and the ratio of 
I H\ to Ri is chosen so that the current flow is 6 milliamperes under the 
i sumption that the emitter potential is at ground—as it is, to a reason - 
ahie approximation. A constant current of 3 milliamperes is caused to 
llnw from the collector terminal (but not necessarily through the transis- 
Inr) of each of the two transistors. As shown, the constant current may 
bn supplied by means of a voltage, —E 2y of relatively large magnitude 

feeding through resistors R 2 and R 3 . 

The operation of the circuit in Fig. 4-19(a) is as follows. Assume that 
(be input potential at the base of V\ is +0.6 volt. Because of the small 
emlttor-to-base voltage drop in V 2 , a potential of +0.6 is sufficient to 
bold l | in the cut-off condition. The 6 -railliampere emitter current then 
down entirely to V%. The net current through R 4 will then be 3 milliam- 
pi ten except for a small amount of collector cut-off current (too) through 
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Fig. 4-10. Current-switching circuit*. 
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Vi. If the resistance value of R 4 is 200 ohms and if it is connected to a 
supply voltage, — E x , as indicated, the output potential at the collector 
of Vi will be — E x - 0.6 volts. Because of the near-unity current gain of 
junction transistors, the collector current in I 7 2 will be very close to 6 
niilliamperes so that the net current through R 5 will be 3 milliamperes 
but in the opposite direction in comparison with the current through jR 4 - 
The output potential at the collector of V 2 will therefore be —E x + 0.6 
volts. By changing the input potential at the base of Vi to —0.6 volt, 
the 6 milliampere emitter current is completely switched from V 2 to V\ 
because the low emitter-to-base voltage drop in Fi causes V 2 to become 
completely cut off. The potentials at the collectors of Vi and V 2 then be¬ 
come -E x + 0.6 and —E x — 0.6 volts, respectively. If the binary input 

signal is A, the output at the collector of V\ is A, and at V 2 the ouput 
signal is A. Inductances Li and L 2 are not necessary, but they serve the 
purpose of decreasing the rise and fall times of the output signals. 

The value of —E x to be chosen is a function of the characteristics of 

I lie transistors being used. The magnitude of this voltage should be great 
enough to allow good high-frequency performance of the transistors, but 

I I should not be so great that any of the transistor ratings are exceeded. 
Specifically, the collector power dissipation rating is a limiting factor. 

The n-p-n counterpart of the circuit in Fig. 4-19 (a) is given in Fig. 4- 
19(b). Except for obvious inversions of polarity, the operation of the 
/> ti-p and n-p-n circuits is exactly the same. Note, in particular, that the 
relative bias voltages of the input and output signals of the p-n-p and 
n />- n circuits are inverted. This fact makes it possible to drive one type 
nl circuit directly from the output of a circuit of the other type. Actually, 
1 1 would probably be preferable to be able to use transistors of only one 
I v pe, but in this case it becomes necessary to include some sort of bias- 
lulling means between successive stages. The bias-shifting means could 
be M battery or it could be a diode of certain characteristics operated in 
1 be reverse breakdown region where a reasonably constant voltage drop 

I obtained. Other schemes for interconnecting circuits are feasible, but 

II 1 not yet clear which will be found to be the most desirable in a prac¬ 
tical sense. 

An important characteristic of the circuits in Figs. 4-19(a) and (b) is 
llmi a substantial base-to-collector potential difference is maintained at 
m 11 I much, ho that the transistors never become saturated. Also, the emitter 
1 m mil in limited by the value set by the constant current source in series 
mib I bo emitters, so that the operation of the circuits is not critically 
• l«'I m ntb*nt on transistor characteristics as is the case with certain other 
1 s pi n nf circuits where a maximum transistor current gain must be 

upccilied. 










182 


Digital Computer Components and Circuits 


Another important feature of the circuits is their relative insensitivity 
to extraneously induced noise voltages. To achieve this, components L 2 
and E 5 , in the case of the output signal from V 2 , for example, are con¬ 
nected at the input terminals of the circuit to be driven instead of at the 
collector output terminal. With this arrangement the wire (which may be 
several inches or several feet long) between successive circuits corresponds 
to the wire indicated by X in the figure. Noise voltages of appreciable 
magnitude may be induced in this wire, but by choosing the design so 
that the magnitude of -E 2 is large relative to the expected magnitude 
of the noise signals, the current flowing through L 2 and R 5 will not be 
altered appreciably. Consequently, the noise will have only a small effect 
on the output potential. For similar reasons, noise voltages of substantial 
magnitude can be tolerated in series with either the +Ei or the —E 2 sup 
ply. Further, with appropriate circuit interconnections, stability require 
ments on the —E x supply are not stringent. For example, assume that the 
output signal from a p-n-p circuit as in Fig. 4-19(a) is being used to 
drive an n-p-n circuit as in Fig. 4-19 (b). If the base supply for F 4 is the 
same supply as used for the return for R 5 in the p-n-p circuit, any small 
changes that occur in supply voltage will have compensating effects on 

the two halves of the n-p-n circuit. 

For the performance of and and or functions it is possible to connect 
additional transistors in parallel with the left-hand transistor in either 
Fig. 4-19(a) or (b). In the case of the p-n-p circuit, an additional trail 
sistor, F 5 , may be connected with its emitter and collector to the cor 
responding terminals of V A second input signal, B , is applied to th< 
base of V 5 . With this arrangement and with the assumption that a rein 
tively positive signal potential represents a 1 , the output potential at the 
collector of V 2 will be positive only when both input signals are positive 
with the result that the output signal represents AB , that is A and B. Th< 
output signal at the collector terminals of Fi and V 6 is the inverse of 

this function and is therefore A 4- B. A transistor, Vq , similarly connected 
in parallel with V 3 in Fig. 4-19 (b) produces the function A 4- B at tin 

collector output terminal of V 4 and the function AB at the collector out 

put terminal of V 3 and Vq. 

Combinations of and and or functions can, of course, be obtained by 
using combinations of the two circuit types. Alternatively, the inversion 
properties of either circuit can be used in combination with the logical 
properties, but this scheme is generally less flexible. Fig. 4-19(c) illui 
trates, by way of an example, how any combination of and and or funoj 
tions can be generated in a single current-switching circuit. The fim< 

tion to be generated in this example is ABC + ~ABC. A const ant-curro 
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source of 6 milliamperes is connected to the emitter circuits of each of 
two groups of transistors. One transistor in each group corresponds to 
the V 2 transistor in Fig. 4-19(a). The collectors of these transistors are 
connected together and are connected to a constant-current source of 
:i milliamperes. The collectors of all of the other transistors are connected 
together and are connected to a constant-current source of 9 milliamperes. 
With this arrangement, all three of the input signals to any one group 
must be positive for the corresponding 6 milliampere emitter current to 
be switched to the right-hand transistor in the group. An examination 
of the connections and the possible applied input signal combinations will 
reveal that none or only one of the 6 milliampere currents will be so 
switched. The result is that the output signal on the right-hand side of 
the figure will be relatively positive or negative (—£7*4- 0.6 or — E x — 

0.6 volts, respectively) according as the function ABC 4- ABC is 1 or 0, 
respectively. The inverse of this function appears at the left-hand output 
terminal. 

A function of a type such as AB + BC , for example, cannot be devel¬ 
oped directly by a circuit of the type shown in Fig. 4-19(c), but it can be 

developed if the function is expressed in the form, ABC 4- ABC 4- ABC , 
which is equivalent and which specifies in a detailed fashion each com¬ 
bi nation of input signals which produces an output signal of 1. A total 
of twelve transistors would be required. The maximum number of transis¬ 
tors that would be required for any three-input switching function is 
sixteen. This number is required when four of the eight possible combina¬ 
tions of input signals are to produce a positive output signal. If the func¬ 
tion to be generated happens to be one where five or more of the eight 
combinations are to produce a positive output signal, the “unwanted” 
combinations are used instead, and the inverse of the generated function 
in it hoc 1 by making the output connections to the opposite terminals. By a 
similar procedure the circuit can be extended to functions involving four 
or more input variables. In many cases, substantial reductions in the 
number of transistors needed can be obtained by making use of certain 
ImcIh which may be known about the application. In particular, in some 
npplications it may be known that some combinations of input signals will 
in ver be applied. In other applications, the value of the output signal 
nmy be immaterial for some combinations of input signals. In any case, 
I he circuit should be so arranged that none or only one of the 6 milliam- 
Im re currents is switched from the left-hand to the right-hand side of the 

circuit. 

The concept of current switching can be applied to other logical circuits 
in n variety of ways. For example, a flip-flop can be formed by using one 
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circuit of the type in Fig. 4-19(a) and one of the type in Fig. 4-19(b). 
The two circuits are connected in a feedback loop. The flip-flop can be 
set to one state or the other by incorporating “pull-over” transistors in 
parallel with V\ and U 3 in the manner that was suggested for the and and 
or functions. Note that in order to be able to set the flip-flop to one state 
or the other, the feedback loop should be made with the direct output 
signals and not with the inverted output signals as is the case with many 
conventional flip-flops. Alternatively, a flip-flop can be formed through 
the use of only one pair of transistors. With the circuit in Fig. 4-19(a), 
for example, the base of V 2 is not connected to ground but is connected 
through a bias-shifting device such as a battery to the collector output 
from Vi, and the input to the base of V\ is similarly obtained from the 
output of V 2 . With this arrangement, the voltage swing of the feedback 
connections need be only 0.3 volt to create the same current switching 
action as before. The use of diode switching circuits as discussed in Chap¬ 
ter 2 is another possible application of current switching. Since the 
voltage swing of the signals is relatively small, it may prove feasible to 
employ several levels of diode switching without intermediate current or 
voltage amplification. Also, when transmitting signals from one tran¬ 
sistor circuit to another, it may prove feasible and useful to employ 
transmission-line techniques or delay lines at points corresponding to 
point X in Fig. 4-19(a). The resistance value of R 5 approximates the 
characteristic impedance of some forms of transmission-line construction. 

The exact course of development of the current-switching concept is 
not yet clear, but experiments reported by IBM indicate that through 
the use of circuits of this type it becomes possible to utilize the high-fre¬ 
quency properties of some of the more recent transistor designs. The so- 
called “drift” transistors are particularly promising in this respect. Drift, 
transistors are fabricated in such a manner that instead of a uniform 
distribution of impurities in the base region, the concentration of im¬ 
purities is a function of distance from the emitter in the direction of the 
collector. Transistors of this type have been made with cut-off fre¬ 
quencies as high as 500 megacycles. These transistors also have the ad¬ 
vantage of a relatively high collector breakdown voltage, which may bo 
50 volts or greater. 
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Chapter 5 


MAGNETIC CORE SYSTEMS OF CIRCUIT LOGIC 


A magnetic core in its simplest form is a toroid-shaped piece of mag¬ 
netic material which can be magnetized, the lines of flux passing in one 
direction or the other around the toroid. The windings placed on the 
core are similar in many respects to the windings of an ordinary trans¬ 
former; but when the cores are used in digital circuits the purpose and 
functioning of the windings are quite different. There are several ways by 
which magnetic cores can be adapted to logical circuits, and the basic 
principles of the more attractive ways which have been devised will be 
presented in this chapter. In view of the fact that magnetic cores are 
quite different from either vacuum tubes or transistors, the digital cir- 
riiit.M employing magnetic cores bear little resemblance to the circuits 
described in the two previous chapters. On the other hand, since nothing 
new is introduced in the way of fundamental logical functions, the mag- 
nntie core systems of circuit logic are not totally different from certain 
of the systems employing tubes or transistors. 

From the standpoint of physical construction, magnetic cores are of 
I wo major types. In one type the magnetic material is a metal or an alloy 
nf several metals, and to avoid eddy currents the material is divided into 
very thin laminations. The usual method of fabrication is to wind a 
I ape-shaped strip of the magnetic material on a small bobbin made of an 
in ulniing material. When the core is made in this way the circular lines 
nl magnetic flux must pass across the gap between adjacent “wraps” of 
i he I ape, but since the separation between adjacent wraps is small, the 
P« i I'ormancc of the core is not seriously affected. The mechanical design 
pm Hinders of tape-wound metallic cores vary widely, but typical dimen- 
ftlniiN would be a tape width of Vs inch wound on a form with a diameter 
• •I 1 , inch. The tape thickness is usually .001 inch or less. Most of the 
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different alloys used in magnetic cores are identified by manufacturers’ 
trade names. 

The other type of cores used in digital circuits are made of a magnetic 
ferrite. In this case the cores are fabricated by molding the raw material, 
which is originally in powder form, and by a subsequent heating process 
similar to that used for ceramics. Eddy currents are small because the 
individual particles in the ferrite are insulated from each other through 
the use of a suitable binder in the molding and heating operations. The 
sizes of the cores vary from 0.05 inch or less to more than 1 inch in out¬ 
side diameter, as required for the application. In general, the ferrite cores 
require more driving current than do tape-wound metallic cores for the 
flux reversal process to occur, but the ferrite cores are considerably less 

expensive. 

In most of the magnetic core systems of circuit logic a rectangular 
hysteresis loop is a highly desirable feature. In fact, some of the systems 
depend on an approximately rectangular loop for successful operation. 
Therefore, in the development of suitable cores, whether of the tape- 
wound or the ferrite type, the securing of such a loop has been a primary 
consideration. Although much significant and important theoretical work 
has been done on the physics of magnetic materials, the production of 
suitable cores for digital circuits is apparently accomplished largely 
through the following of empirical rules and procedures which have not. 
been described publicly. For this reason and also because the quality of 
available cores is constantly improving, an extensive discussion of cote 
designs and methods of fabrication will not be attempted here. Instead, 
the emphasis will be on the manner in which cores can be adapted to 
circuits capable of performing the fundamental logical functions, which 
can in turn be assembled to perform the functions required in a digital 

computer. 

The Hysteresis Loop. Fig. 5-1 (a) illustrates the approximate form 
of a hysteresis loop of a magnetic core which is suitable for use in a logi- 

or 


(d) 

Fig. 5-1. The rectangular hysteresis loop. 
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cal circuit. A loop of this type provides a binary storage function in that 
t he remnant flux in the core is in one direction or the other around the 
toroid, the direction being dependent upon the direction of the last previ¬ 
ously applied magnetomotive force (mmf). The core is said to store a 1 
or a 0 in accordance with the direction of this flux as indicated in the 
figure. To sense the status of the core it is necessary to send a current 
through a winding on the core and thereby apply an mmf which will reset 
the core to one state or the other (usually to 0). The signal for indicating 
t he initial status of the core appears as an induced voltage at a second 
winding on the core. If the core initially contained a 1, the change in flux 
in the core will create an induced voltage, but if the core initially con¬ 
tained a 0, there will be no change in flux and therefore no induced out¬ 
put voltage. For accurate discrimination between l’s and 0’s it is desira¬ 
ble to have a perfectly rectangular loop as indicated in Fig. 5-1 (b). 

For purposes of explanation, the semi-idealized hysteresis loop in 
Fig. 5-1 (c) will be assumed. A core may be set to the 1 or 0 state by an 
applied mmf which is at least as great as +H a or —H a , respectively. An 
mmf which is less than H a in magnitude will move the status of the core 
along the hysteresis loop the corresponding distance; but when the mmf 
is removed, the core will return to its original 1 or 0 condition as the case 
may be. The mmf, H a , is commonly called the coercive force of the core. 


The flux, <j> r , remaining in the core after the currents in all windings have 
been returned to zero is called the remnant or residual flux. The ratio of 
lo </> m , the maximum flux produced in the core, is sometimes referred 
lo as the squareness ratio. The exact values implied by these terms are 
not always precisely defined with the nonideal hysteresis loops encoun¬ 
tered in practice, unless some rather arbitrary measurement procedures 

are established. 

II. is a well-known fact that the energy lost (changed to heat) in a 
piece of magnetic material is proportional to the area of the hysteresis 
limp when the state of magnetization is changed and subsequently 
returned to its initial value. It is important to recognize that the loop 
obtained from d-c or low-frequency measurements is not necessarily 
applicable when the cores are employed in pulse circuits of the type used 
m digital computers. The reason is that a finite amount of time is re- 
11 iiiml to alter the flux in the core, and if, for example, the applied mmf 
ir suddenly changed from zero to some very large value, the conditions 
nn tin' core are represented on the B-H plot by a point which is not on 
ill.- iMu-fronnoriPv hvatprosis lnnn The effective hvsteresis loop under 


these conditions might bo as indicated by the dotted lines in Fig. 5-1 (c). 
I'lin energy lost per cycle is much greater in this case. 

()nn further point to bo observed is that it is not strictly the frequency 
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of the applied mmf that affects the area of the hysteresis loop. If the ap¬ 
plied signal is a large-amplitude square wave at a low frequency but 
with fast rise and fall times, the energy lost per cycle is much greater 
than when sine wave signals of the same amplitude are applied. At very 
high frequencies the energy lost per cycle will decrease somewhat be¬ 
cause there will be insufficient time in any one cycle for complete flux 
reversal. 

In view of the appreciable area of the hysteresis loop under pulsed 
conditions, the energy loss in magnetic cores creates one of the major 
limitations. The supplying of the necessary power is not always of great 
consequence but the heat generated in the cores raises their temperatures 
to values where the magnetic properties are altered considerably. Al¬ 
though it is difficult to make a precise statement about what the upper 
limit might be for the pulse repetition rate that can be used with cores, 
speeds in excess of 2 megacycles per second have been obtained only 
with difficulty, and most core systems that have been reported operated 
at much lower frequencies. 4 

The time required for the flux to reverse in a core is illustrated some¬ 
what more specifically, but still qualitatively, by the plot in Fig. 5-1 (d). 
It is found from experimental evidence that at mmf’s less than H a there 
is substantially no flux reversal even if the mmf is maintained for a very 
long time. At higher mmf’s it is found that the rate of flux reversal is 
very nearly directly proportional to the difference between the applied 
mmf and H a . If T is the time required for the flux to be reversed ac¬ 
cording to some standards of measurement, a plot of l/T as a function 
of H is a straight line. Since the voltage induced in an output winding 
is proportional to the rate of change in flux, a plot of the peak value of 
the output pulse, E p , as a function of H is a line with the same charae • 
teristics. Note that if the flux is reversed rapidly by using a large applied 
mmf, the duration of the output pulse is correspondingly short. The inte¬ 
gral of Edt (where E is instantaneous output voltage and t is time) 
is a constant for a given number of turns on the output winding. 

The Core as a Logical Element. Although, as mentioned in the pre¬ 
ceding section, magnetic cores have speed limitations when pulse repel i 
tion rates of many megacycles per second are involved, they are proving 
to be an attractive component as the basis for a system of circuit logic 
Factors in their favor include mechanical ruggedness, electrical stability, 
small size, and light weight. There are also many potential advantage* 
that have not been fully realized in the first sets of core circuits to ap¬ 
pear but which are gradually responding to development effort. Among 
the latter are low cost, very low power consumption, and flexibility and 
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simplicity of logical design. Also, the speed limitation is not inherent, and 
some of the more recent ideas on core structure offer considerable im¬ 
provement in this respect. 

Practically all magnetic core systems of circuit logic which have been 
devised are based on the concept of shifting binary digits from one core 
to another. The logical functions are performed during the shifting op¬ 
eration by any of a variety of different methods which are the topic of 
this chapter. In order to shift a binary digit from one core to the next 
a source of driving current is needed. The driving current is supplied 
from pulses which in many respects are similar to the clock pulses used 
in the a-c systems of circuit logic described for vacuum tubes and tran¬ 
sistors. However, there is a fundamental difference in that with magnetic 
cores there is no problem in the timing of the pulses in the same sense 
I hat this problem is encountered in the tube and transistor systems. Of 
course, for a given circuit design, there will be certain amplitude and 
wave-form requirements on the driving pulses, but in general the only 
liming requirement is that their repetition rate not exceed the upper 
limit for which the circuits were designed. 

In view of the importance of the shifting operation, the various sys- 
Icms of circuit logic will be introduced by a discussion of the particular 
typo of shifting circuit on which they are based. The source of driving 
pulses to provide the shifting is discussed in only an elementary way be¬ 
muse the circuits needed for this purpose may be designed in a conven¬ 
tional manner and do not involve any concepts that are particularly 
related to digital functions. In most of the figures the core windings used 
I nr driving are indicated with each in a separate circuit or are omitted 
entirely; but it should be kept in mind that these windings can be con¬ 
nected in series, in parallel, or in a variety of series-parallel combinations 
a* convenient for the design of the pulse-generating circuits. 

The Dot Notation at the Core Windings. In pulse circuits such as 
tun lined in digital computers the polarity of the connections to the core 
windings is of considerable importance. This situation is in contrast with 
Him requirements encountered in many communications and power appli- 
mtimiH where the polarity of the connections is of no consequence. Al- 
I hough the polarity can be indicated by the direction in which the wind¬ 
ing* are wound around the core (as in Fig. 5-2, for example) a dot 
Mutation that has become well established is generally more convenient. 
\\ llli this notation a dot is placed at one terminal of each winding on 
Him com. The rule to be followed is that the polarity of the voltage in- 
• lin imI in any winding is the same as the polarity of the voltage applied 
In I In* winding which is causing the flux change, where the polarities are 
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with respect to the dots at the respective windings. In Fig. 5-2 the input 
signal on Nx applies a relatively positive potential at the dot terminal. 
The induced voltage in N 2 at this time is with the relatively positive 
potential at the dot terminal, which happens to be in the high-resistance 
direction for D x . In the case of the driving pulse, the relatively positive 
potential is applied to a no-dot terminal, and the induced voltages in the 
other windings are in the opposite directions. Whether the flux passes in 
the clockwise or counterclockwise direction around the core is not im¬ 
portant, and if the dots are shown near the opposite terminals of all 
windings, there is no implied change in circuit performance. 
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Fig. 5-2. Two-core-per-bit shifting circuit 


The Two-Core-per-Bit Shifting Circuit. Consider the arrangement 
in Fig. 5-2, which shows four cores in a shifting circuit. The X and Y 
drivers alternate in time in supplying driving pulses, with the X driver 
connected to the drive windings of storage cores Si, S 3 , and all other odd- 
numbered cores and with the Y driver similarly connected to all even 
numbered cores. The direction of the driving current is such that each 
core is reset to the 0 state. Assume for purposes of explanation that S y 
contains a 1 and that all other cores contain 0’s at the time a pulse in 
applied by the Y driven The change in flux that occurs in S 2 as if in 
changed from 1 to 0 by the action of the Y driving pulse induces volt¬ 
ages in both the N± and N 2 windings of this core. The polarity of I lie 
voltage at N 2 is such that current flows in the low-resistance direct ion 
through diode D 2 and through the Nx winding of S 3 . This current is in 
the direction which tends to set S 3 to the 1 state. Also, the voltage at .V« 
of iS 2 is of the polarity which causes current to flow through diode I )i in 
the low-resistance direction and through the N 2 winding of Si, with a re¬ 
sulting tendency to set Si to the 1 state. However, by making the N 2 /\ \ 
turns ratio on each core greater than 1 (perhaps as large as f> or more) a 
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substantially greater current will flow to S 3 , so that only this core will be 
caused to switch to the 1 state. 

The selective nature of the shifting may be understood by observing 
(hat the larger number of turns on N 2 of S 2 will cause a larger voltage 

10 appear at this winding than on the Nx winding. Further, the relatively 
small inductance of the Nx winding of S 3 will offer less impedance to the 
llow of current than the relatively large inductance of the N 2 winding 
on Si although this factor is somewhat nullified by the fact that less cur¬ 
rent is required for switching Si than for switching S 3 because of the 
(urns ratio. Note that when S 3 is changed from 0 to 1 there is a voltage 
induced at the N 2 winding of this core, but the polarity of the voltage is 
in the high-resistance direction of D 3 , with the result that S 4 is isolated 
from the action of S 2 . 

The shifting action is of course derived from the fact that at the termi¬ 
nation of the Y driving pulse the 1 in S 2 will have been shifted to S 3 . In 
flu* event that S 2 contained a 0 initially there would have been no change 
in flux, and the 0 in S 3 would not be altered. Similarly, the binary digits 
m S 4 and all other even-numbered cores would be shifted to the odd- 
numbered cores one position to the right. Since the Y driving pulse leaves 
id I even-numbered cores in the 0 state, a subsequent X driving pulse may 
I hen be used to shift the binary digits in the odd-numbered cores to the 
even-numbered cores to the right by a similar process. 

'There are two important features of the circuit in Fig. 5-2 which re¬ 
main to be discussed. One feature is the mechanism by which the Vs are 
*1 lifted from one core to the next without a loss in amplitude. The other 
feature is the mechanism by which the small signals obtained from sens- 
iii}' O’h are prevented from being amplified into l’s in spite of the ampli¬ 
fication needed to maintain the l’s. It does not appear to be possible to 
1 \ plain these mechanisms in a manner which is both simple and accurate, 
lull a general understanding of the situation can be obtained by observ¬ 
ing certain factors. 

Kirst of all, it should be observed that it is not the stored magnetic 
energy that is being shifted from one core to the next. Assume that a 
pul r of current is applied to a winding of a core. If the magnitude of 
Hie current is just sufficient to switch the core from one state to the 
nlher, (he flux in the core will be reversed very slowly; but if the current 
imignitude is several times the minimum necessary to switch the core, 
(lie (lux will change rapidly. Assume also that a load of a given resistance 
ir connected to another winding on this core. The current drawn by the 
loud will (end to prevent the flux reversal so that when determining flux 

11 vernal time it is the net mmf from current in all windings that must 
he considered. In any event, the voltage applied to the load is propor- 
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tional to the rate of change of flux within the core, and it can be shown 
that the integrated product of voltage and time at the load is constant for 
a given core regardless of the rate of change of flux reversal. 

Since in principle there is no limit to the rate of the flux change if the 
driving current is large enough, and since the energy dissipated in the 
load is proportional to the product of time and the square of the applied 
voltage, there is no limit to the amount of energy that can be obtained 
from the outppt winding of a core which is being changed from one state 
to the other. In particular, the stored energy is not a limiting considera¬ 
tion. Therefore, by using driving pulses of a sufficient amplitude and with 
a sufficiently fast rise time, it is possible to reverse the flux in one core 
completely by means of the energy obtained from the output signal of 
another core of the same size. It might be said that the core acts like an 
amplifier for information signals with the energy being supplied by the 
X and Y driving pulses. 

Another factor to be observed in the amplification process is that when 
a 1 is being shifted from S 2 to S 3 , for example, the rate of change of flux 
in S 3 must be greater than the rate of change of flux in S 2 . If this con¬ 
dition is not satisfied, the shifting process will not be successful, because 
the output signal from S 2 will terminate before the flux in S 3 has been 
completely reversed. The condition can be satisfied by making the num¬ 
ber of turns on the N 2 windings sufficiently greater than the number of 
turns on the N± windings. In this way the current induced in the S 2 -to- 
S 3 circuit will be great enough to complete the flux reversal in S 3 before 
the flux in S 2 is reversed completely. Note that as in any transformer, the 
induced current in this circuit is in the direction which opposes the flux 
change created by the Y driver. 

When a 1 is shifted from S 2 to S 3 the small amount of current in the 
circuit to Si will tend to insert a 1 in $1 also, but because of the turns 
ratio the flux reversal will not be complete. However, even if the flux in 
Si is partially altered in the direction of a 1 , an amplification of the sig¬ 
nal would be undesirable when the digit in Si is subsequently shifted to 
S 2 . Further, when there is a 0 in a core, the driving pulse will cause 11 
small amount of current in the interconnecting windings, as can be ob¬ 
served from the hysteresis loop in Fig. 5-1 (c); and it would be undesir¬ 
able if the effect of this signal were amplified as the 0 is shifted from 
core to core. Part of the reason that the small signals are not amplified 
in spite of the amplification effect for large signals is that the current in 
a core must be at least great enough to produce a magnetic field of IlA 
Currents less than this do not produce any flux change which remain* 
after the current is removed, with the result that the shifting o! small 
signals is inefficient and results in a loss of amplitude. Leakage induct- 
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ance is another factor which is believed to produce a loss in amplitude of 
small signals. When the magnitude of the flux change in the driven core 
is small, the time duration of the output signal is shbrt; and because of 
the various inductances in the circuit, the currents do not attain the am¬ 
plitudes expected in the absence of these inductances. 

In other words, the amplification factor of the shifting circuit is a 
nonlinear function of signal amplitude. For small signals (0’s) the ampli¬ 
fication factor is less than one, and the amplitude of the signals is not 
built up as the 0’s are shifted from one core to the next. For large signals 
(1 ’s) the amplification factor is greater than one so that the amplitude 
of the l’s is maintained. 


5, S 2 
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X Drive Y Drive 
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Fig. 5-3. Refinements in the two-core-per-bit shifting circuit. 

Refinements in the Two-Core-per-Bit Shifting Circuit. An improved 
circuit from the standpoint of prevention of reverse shifting of informa¬ 
tion is shown in Fig. 5-3(a). In this circuit diode D 2 appears in the high- 
rcHlHiance direction for l’s being shifted from Si to S 2 , but for signals in 
( 110 opposite direction it appears in the low-resistance direction and 
llinrefore bypasses the current which would otherwise flow through the 
winding on Si. Resistance R 2 is included to prevent D 2 from acting like 
n Abort circuit, and Ri insures that the impedance of the D 2 path is less 
limn the impedance of the D 1 path. 

Another refinement which can be incorporated in the two-core-per-bit 
• hilling circuit is illustrated in Fig. 5-3(b). In this circuit each core in 
I ho main shifting circuit is provided with an auxiliary core to cancel the 
hignnlH obtained when shifting a 0 from one core to the next. These sig- 
nnli are created because the hysteresis loops of the available core ma¬ 
il 1 hi Is arc not exactly rectangular. When the X driving pulse is applied, 
Ihn voltage induced in the output winding of S/ opposes the voltage in¬ 
duced in the output winding Si. Therefore, if both cores contain O’s and 
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if they are physically alike and are magnetized to the same degree, no 
current will flow in the circuit coupling Si and S 2 . The voltages induced 
in the circuit to the left will also be in opposition to each other under 
these conditions. An input signal from the left will set Si to 1 but will 
maintain S/ at 0. With Si at 1 an A driving pulse will cause a voltage 
to be induced in the circuit to S 2 , but the magnitude of the voltage will be 
determined only by that part of the flux change which is represented by 
the distance between the points 0 and 1 in Fig. 5-1 (c). With this circuit 
it is possible to employ cores with poorly shaped hysteresis loops. 

The Mirror Notation for Core Windings. The dot notation for core 
windings is pictorial and is adequate when the number of windings on a 
core is limited to three or four; but when a large number of windings is 
involved, the drawings become cluttered and the action of the cores is 
difficult to visualize. A mirror scheme of notation has been devised which 
affords a substantial simplification and clarification of the figures. 

The shifting register of Fig. 5-2 is repeated in Fig. 5-4 (a) but with the 
mirror notation. Each core is represented by a heavy line which may be 
thought of as being a bar magnet. The magnet is said to store a 0 or a 1 
according as the flux passes to the left or to the right, respectively. A 
winding on the core is represented by a line crossing the magnet, the 
polarity of the winding being indicated by a diagonal line at the crossing. 
The diagonal line acts like a mirror in that the current in the drive wind¬ 
ing is reflected to the left or right in a manner which may be visualized 
as the same as the reflection of a light beam. The direction of reflection 
corresponds to the direction of the resulting flux. 

For example, the current through the input winding on Si passes down¬ 
ward (upward for electron flow) through the core. With the direction of 
the diagonal line as indicated, the reflection would be to the right so that 
the current tends to set the core to 1. Similarly, a downward current 
in the X drive winding is reflected to the left as is desired for resetting 
the core to 0. The polarity of the output winding is such that when the 
core is reset to 0 a voltage is induced which causes current to flow clock 
wise in the circuit loop connecting Si and S 2 . The rule for determining 
the polarity of an induced voltage in an output winding is that any rc 
suiting current flow is in the direction which opposes the flux change 
(Lenz’s law). That the diagonal line at the output winding provides the 
correct mirror symbol may be observed by noting that current will be 
induced in the same direction in this loop when S 2 is reset to 0. The re 
flection for this current is to the right at Si as it should be, because thn 
current is in the direction which tends to cause Si to be set to 1. 

It is often convenient to make the drawings with some of the currcnls 
flowing upward or to draw the core in the vertical instead of the hurl 
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I'm. 5-4. Logical functions obtained with the two-core-per-bit shifting circuit 


ami 11 n I position, but no changes are created in the principles of the mirror 
symbol notation. 

Logical Functions Obtainable with the Two-Core-per-Bit Shifting 
Circuit. The logical functions obtainable with the two-core-pcr-bit shift¬ 
ing circuit are illustrated in Fig. 5-4. The shifting circuit in Fig. 5-4(a) 
liiiM already been explained. 
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The basic or circuit is shown in Fig. 5-4 (b). Input signals A and B are 
shifted to S 3 by the X driving pulse applied to cores Si and S 2 , respec¬ 
tively. Current in either input winding on S 3 is sufficient to set this core 
to 1. If l’s are shifted into S 3 from both input lines simultaneously, the 
mmf on S 3 will be approximately twice as great, but the net change in 
flux will not be any greater because of the rectangular nature of the 
hysteresis loop. The Y driving pulse then shifts the resultant binary bit 

to the next core. 

The circuit in Fig. 5-4 (c) is an inverter. Core Si in this arrangement 
is supplied with a d-c current for an input. This current is sufficient to 
switch the core to 1, but since the current magnitude in the X driving 
pulse is several times the amount necessary to reverse the flux in the 
core, it is not necessary to interrupt the d-c current at the time of the 
driving pulse. In this way, Si tends to shift a 1 to S 3 each time an A 
driving pulse is applied. The input winding on S 3 from the B input is in 
the opposite direction, so that when B is 1, the shifting current from Sj 
prevents the setting of S 3 to 1. The result is that S 3 is set to the binary ^ 

value represented by B. If a variable input, A, is shifted from Si as be¬ 
fore, the output function would be AB. That is, B would inhibit the pas¬ 
sage of A. In principle, the number of turns on the two input windings 
of S 3 could be exactly the same, but in practice it may be preferable to 
place more turns on the reverse or inhibiting winding to insure reliablo 

inhibiting action. 1 

An and function may be obtained as illustrated in Fig. 5-4 (d) for the 

three-input case. Only the S 3 core is shown in this and subsequent parts 
of the figure, but it should be understood that the input signals are sup¬ 
plied from other cores as before. With this circuit the three input signals 
A, B, and C are each capable of setting the core to 1, but the two wind¬ 
ings which receive the repetitive 1-inputs are of a polarity which tends 
to prevent a 1 from being shifted into the core. With the same current in 
each input winding and with approximately the same number of turns 
on each winding, it is necessary for all three input signals to be prcHonl 
to overcome the inhibiting effect of the two 1-signals. The output signal 
at the time of the Y driving pulse therefore represents ABC. Of course, 
the two 1-input windings can be combined into a single winding with AM 

proximately twice the number of turns. 

The inverting circuit and the and circuit can be combined as illustrated 
in Fig. 5-4(e), (f), and (g). In Fig. 5-4(e) the C input is inverted. Since 
the 1-input for the inversion tends to set the core to 1, it cancels one of 
the and circuit inputs because these tend to hold the core at 0. 1 herefoP® 
only one 1-input is needed, as indicated. The output signal is 1 if at thl 
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time of the X driving pulse the A and B input winding received signals 
and if no signal was received on the C winding. In Fig. 5-4(f) the B and 
C inputs are inverted. No 1-signals are required, and the output is 1 on 
each cycle that A is 1 with B and C equal to 0. With all three inputs in¬ 
verted as in Fig. 5-4 (g) the three 1-signals needed for inversion more 
than balance the opposing 1-signals for the and circuit so that one 1-sig¬ 
nal is needed, which tends to set the core to 1. The core will be set to 1 
only on cycles, where A , B, and C are all 0 or in other words when the 

input condition ABC is satisfied. 

A useful generalization of the basic logical circuits is illustrated in Fig. 
5-4(h), (i), and (j). An indefinite number of binary signals, A through 
A, may be applied to separate windings, each in a direction which tends 

10 set the core to 1. A number n of other input windings receive repetitive 
I -signals, with the current in a direction which tends to hold the core to 
0. The mmf produced by each winding is approximately the same (when 
I Ik 1 corresponding signal is a 1) and is of a magnitude sufficient to re¬ 
verse the flux in the core. If n = 0, the circuit performs the ordinary or 
function. If n = N — 1, where N is the number of input signals, all input 
signals must be present to set the core to 1, and the and function is ob¬ 
tained. A circuit with n ^ N would be meaningless because the core could 
not be set to 1 with any combination of input signals, but if 0 — n < iV, 
an output signal will be generated if signals are received on any n + 1 or 
more input lines. For example, if five input signals are employed and if 

11 2 as in Fig. 5-4 (i), an output signal will be generated whenever any 
three or more of the input signals A, B, C , D, and E are 1. One or more 
nl the input signals may be inverted by the process described before. An 
example is illustrated in Fig. 5-4(j), where the B , D, and E inputs are 
Inverted. In this case one combination of input signals that would pro¬ 
duce an output signal is when B and D are equal to 0 and C is equal to 1. 
With this combination, three of the required input conditions are satis- 
lied, and the output signal will be 1 regardless of the input signals to A 
and E on the cycle in question. 

With the simple inverter circuit it was sufficient to have the inhibiting 
mmf greater than the mmf tending to set the core to 1; but when several 
opposing input signals are present, close control of the various signal cur- 

i cut h is a much more severe problem. When the output signal is to be 0 

ii i a result of there being an equal number of setting and inhibiting input 
IgnulH, it is permissible for the net mmf to be in the direction tending to 

m t the core to 1, provided the resultant mmf is smaller than the coercive 

I di ce of tla* core. Since the signal amplitudes employed are usually sev- 

II al times the coercive force, it is preferable to design the circuits so that 
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Fig. 5-5. Output circuits for the two-core-per-bit system. 


the net mmf under this condition is in the opposite direction. However, 
when the output signal is to be a 1 as a result of there being one morn 
setting signal than inhibiting signal, the inhibiting currents should not 
be so great that they override the setting currents. In fact, the inhibiting 
currents should not reduce the net mmf to a value less than that which 
is sufficient to set the core to 1 in the required amount of time. For thl« 
reason the shifting current magnitudes must be held to close tolerance! 
if any appreciable number of opposing input currents arc used cm nil! 

core. ■ 
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Variations in the Shifting Circuit. There are some alternative forms 
of the basic two-core-per-bit shifting circuit that offer various advan¬ 
tages. In Fig. 5-5 (a) the output windings from two cores are placed in 
series for shifting a signal to another core. This arrangement provides the 
or function in a manner which is simpler than before in that one diode 
and one winding are eliminated. 

With the circuit in Fig. 5-1 (b) the driving pulse which resets a given 
column of cores to 0 is used directly as the shifting signal. This circuit is 
applicable only under certain circumstances, and in this case it is assumed 
I hat one and only one of the two cores operated by the Y driving pulse 
has been set to 1. The Y driving current may flow to the supply terminal 
cither through the path which includes D x or the path which includes D 2 - 
If input signal A was 1, a voltage will be induced in the output winding 
of core Si when it is reset to 0 by the Y driving pulse. The polarity of 
this induced voltage is such that it tends to cause current to flow in the 
reverse direction through D T , and the driving current therefore passes 

through the D< 2 path and sets S 4 to 1. If A had been equal to 0, the A 
core, S 2 , would have been set to 1, and the X driving current would have 
llowed through the D i path to set S 3 to 1. The advantage of this type of 
mI lifting circuit is that when S 3 and S 4 are reset to 0 by the X driving 
pulse there is no tendency for the information to be shifted in the reverse 
direction back to Si and S 2 because the X driving circuit presumably pre¬ 
sents a high impedance at this time. In determining the number of turns 
to be used on the output winding of a core the principal consideration is 
that the induced voltage must be greater than the voltage drop created 
by the driving current when it flows in the opposite path. A problem 
encountered in the design of a shifting circuit of this type is that the 
driving current must be terminated very quickly after it has succeeded 
in resetting the driven core to 0. When the driving current is maintained 
after this time, there is no induced voltage to direct the current through 
one output path or the other, and it will divide between the two paths 
in the figure and produce a tendency to set both S 3 and S 4 to 1. 

The shifting circuit discussed in the previous paragraph can be adapted 
In special-purpose applications in a multitude of ways. One example is 
Illustrated in Fig. 5-5(c). The object here is to provide a signal when 
two and only two of five input signals, A through E, are 1. The input 
m hidings on Si are connected by the method described previously to 
muse (his core to be set to 1 when any two or more of the input signals 
urn I. On S 2 the windings are connected to produce a resultant signal 
w lii'ii any three or more of the input signals are present ; but each input 
r ir tin I is inverted so that this core is set to 1 when any three or more of 
I In input signals are 0. With this arrangement, for both Si and S 2 to be 
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set to 1 it is necessary that two and only two of the input signals be 1. 
If both of these cores have been set to 1 at the time the Y driving pulse 
is applied, the voltages induced in the output windings of these two cores 
will prevent the flow of driving current through D i and D 2 . The driving 
current must therefore flow through the path which includes _D 3 , and core 
S 3 will be set to 1 as a signal that the input requirements were satisfied. 
If fewer or more than two of the five input signals are 1, only one of the 
two cores, Si and S 2 , will have been set to 1, and the driving current will 
be able to pass through either D x or D 2 . The resistance in the network 
enclosed by the dotted lines in the figure is for the purpose of insuring 
that the impedance of this path under these conditions will be higher 
than the impedance of the alternate paths. The capacitance and induct¬ 
ance in the network are for the purpose of filtering out the relatively 
small pulse that would otherwise be shunted into this path when one of 
the Si or S 2 cores contains a 0 at the time of the Y driving pulse. The 
small pulse would arise from the fact that the hysteresis loops of the 
cores are not ideal. Note that the resistance also relaxes the requirements 
on the duration of the driving pulse. 

Another form of the shifting circuit is illustrated in Fig. 5-5 (d). In this 
case the induced voltage in the output winding of a core being reset to 0 
aids the flow of driving current in that winding, so that the binary digits 
in /Si and S 2 will be shifted to *S 3 and S 4 , respectively. After the driven 
cores have been reset to 0, any further driving current can pass through 
diode Z) 3 . Also, if both of the cores happened to be at 0 initially, the driv¬ 
ing current will pass through Z) 3 . For D 3 to appear in the high-resistance 
direction during the time that Si (for example) is changing from 1 to 0, 
the induced output voltage must be greater than the sum of the voltage 
drops across Z>i and the input winding of S 3 . Since the current in the out¬ 
put winding of Si is in the direction which tends to set this core to 1, the 
number of turns on the driving winding must be greater than the number 
of turns on the output winding. The amount of the difference in number 
of turns is a function of the desired flux reversal time. This circuit also 
has the advantage that the high impedance of the driving circuit when 
it is not active is utilized to eliminate the shifting of information in the 
reverse direction. 

Fig. 5-5 (e) shows an example of the use of the shifting circuit de¬ 
scribed in the previous paragraph. It is a shifting register type of circuit, 
where a 1 is shifted through the cores Si to S 6 as the X and Y driving 
pulses are applied alternately. With Si assumed to contain a 1 initially 
and all of the other cores containing 0’s, the A' driving pulse will shift 
the 1 to So and at the same time will shift a 1 to S 7 , which is included to 
indicate how the output from the shifting register might be utilized to 
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Rend signals to cores in other logical arrays. The Y driving pulse then 
shifts the 1 in S 2 to S 3 , and the process is continued in an analogous 
manner. 

The Two-Core-per-Bit Circuit as a Basis for a System of Circuit 
Logic. An interesting possibility with regard to adopting the two-core- 
per-bit shifting circuit as a basis for a system of circuit logic involves 
concepts similar to those of the diode gate system of circuit logic de- 
Hcribed for vacuum tubes. The magnetic cores which are reset to 0 by 
the X driving pulse (the X cores) may assume the storage roles of the 
IIip-flops in the diode gate system. The cores reset to 0 by the Y driving 
pulse (the Y cores) act as temporary storage units. A cycle of operation 
consists of one X and one Y driving pulse. The binary information stored 
in the X cores at the end of each cycle of operation is a logical function 
of the information stored in the X cores at the end of the previous cycle. 
Since any logical function can be formed by a set of and circuits (with 
inversion of the input variables as needed) feeding an or circuit, the 
I wo steps of shifting that occur in one cycle are sufficient to perform any 
logical function. The and functions can be obtained when shifting to the 
Y cores by employing winding arrangements of the type indicated in 
big. 5-4 (e) ; and when the information is shifted back to the X cores, the 
on functions can be obtained with circuits of the types indicated in either 
Kig. 5-4(b) or Fig. 5-5(a). 

Of course, practical limitations would be encountered with this system 
of circuit logic because, as has already been mentioned, the amplitude of 
the shifting current must be accurately controlled when there are more 
limn one or two inhibiting windings on a core. Also, when a given core 
must drive a multiplicity of other cores, the amplitude of the output sig¬ 
nal may not be sufficient for series operation of the shifting circuit, and 
I here is a practical limit to the number of output windings that may be 
placed on one core. Special amplifiers in the shifting circuit may be feasi¬ 
ble in some cases, particularly in applications where the points requiring 
multiple branches are not numerous. 

'The two-core-per-bit shifting circuit could also be used in a system of 
circuit logic similar to the delay unit system described for vacuum tubes, 
because of the nature of the core logical circuits, at least two steps of 
switching would be needed to duplicate the logical functions obtainable 
in one step with the delay units, and for the same reasons that were cited 
m I he previous paragraph considerably more than two steps would be 
required in many practical cases. It seems that a more fruitful approach 
with core circuits of this type is to develop each logical array as required 
for the computer function in question. 
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Magnetic core circuits of this general type have been studied exten¬ 
sively at the Bell Telephone Laboratories and elsewhere. 

Common Drive Windings. When a large number of cores are used in 
a shifting circuit or logical array the placing of a large number of the 
drive windings in a series connection is convenient from the standpoint 
of simplified driving circuits. However, the stray capacitances in such a 
circuit tend to cause the windings to act like a lumped-constant delay 
line so that the driving current does not reach its maximum value at all 
cores at the same time. Also, the different loads on the various cores may 
have a considerable effect on the amplitude and wave form of the driv¬ 
ing pulse on individual cores. A possibility for avoiding the delay line 
effect is to use a single or common drive winding and let each turn of 
this winding loop through all of the cores that would otherwise be con¬ 
nected in series. The windings which handle the binary signals being 
shifted to and from the cores would, of course, have to be wound on in¬ 
dividual cores as before. Although this scheme would be applicable to 
several of the shifting circuits described in this chapter, its use has been 

limited because of obvious mechanical problems involved in installing 
windings of this type. I 



Fig. 5-6. Split winding shifting circuit. 


The Split Winding Shifting Circuit. The split winding shifting cir¬ 
cuit is a variation of the two-core-per-bit shifting circuit discussed in a 
previous section and is illustrated in Fig. 5-6. In this circuit the X driv 
ing pulse is applied to one side of the N 2 winding on Si, and current 
divides between D x and D 2 paths. The currents in the two halves of I lie 
AT winding on S 2 oppose each other from the standpoint of creating fl 11 \ 
in S 2 . The direction of the current in the N 2 winding on Si is such tlmt 
it tends to set this core to 0 . Therefore, if Si contains a 0 initially, linn 
winding will offer only a very small impedance to the flow of current., 
and the driving current will divide approximately equally, with (he re¬ 
sult that there will be no change in flux in S 2 . If Si contains a I initially, 
the change in flux that the driving current tends to create in Hum core 
will cause the N 2 winding to appear as a large inductance. Consequently, 
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most of the current will flow in the D 2 path and will cause the S 2 core to 

be set to 1. By maintaining the driving current for a sufficient length of 

t ime, the inductance in X 2 will be overcome, and the current through this 

winding will reset Si to 0. Note, however, that the current in the D, path 

will never become greater than the current in the D 2 path so that there 

will be no tendency for the X driving pulse to reset S 2 after it has once 

been set to the 1 state. To insure that the current will divide equally 

between the two pc.ths it may be desirable to insert some resistance in 

each path to overcome the nonuniform diode forward resistance that 
might be encountered. 

When used in logical applications the split winding circuit has two 
in I vantages in comparison with the circuit discussed in the previous sec- 
lion. One advantage is that the flux in either Si or S 2 may be reversed 
by current in a third winding not shown in Fig. 5-6, and there will be 
no unwanted signal transmitted between the two cores because one or the 
other of the two diodes will appear in the high-resistance direction for 
voltages induced in either winding of the loop circuit between the two 
cores. The other advantage is that the two diodes provide a better dis¬ 
crimination between forward and reverse shifting, and it is therefore 
possible to send the output signal from a given core to a multiplicity of 
oilier cores. With the previous circuit the additive effect of the reverse 
(•(lifting signals creates a severe limitation on the number of cores that 
can be operated by the output signal from a given core. 

The Basic Logical Functions as Provided by the Split Winding 
Shifting Circuit. One method of forming each of the basic logical func- 
lions with the split winding circuit is indicated in Fig. 5-7. If in Fig. 
5-7(a) a signal has appeared at either the A or B input to set the corre¬ 
sponding core to 1 , the impedance introduced in the £>1 path will be 
huge, and the S 3 core will be set to 1 when the X driving signal is ap¬ 
plied. The circuit therefore produces an or response to the two input 
nlgnals. 

With the connections as indicated in Fig. 5-7(b) the current through 
I lie bottom half of the input winding of S 3 will be the larger only when 
Si is at 1 and S 2 is at 0 at the time the driving pulse is applied. There¬ 
fore, a signal at B in effect inhibits the passage of a signal applied at A. 

In other words, the function produced is AB. In the event that S 2 is set 
In I by a signal from B, but Si is at 0 as a result of no signal at A, the 
heavier current will pass through the D 1 path when the driving signal is 
applied. The tendency for this current to set S 3 to 0 will be of no conse¬ 
quence, because S s will already have been returned to 0 by the last pre¬ 
vious Y driving pulse. The inversion of a single input signal can be ob¬ 
liqued with this circuit by always setting Si to 1 at the appropriate time 
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Fig. 5-7. The basic logical functions formed with the split winding shifting 

circuit. 1 


in the cycle, and the Y driving signal may be used for this purpose. In 

this case the output signal will be B. Actually, any suitable impedance in 
the Z>i path may be used, but a core as indicated provides a convenient 
means for obtaining an impedance which is properly matched with I In' 
impedance of the S 2 core. I 

With many types of magnetic core circuits the and function seems In 
be the most difficult to obtain. However, one method of obtaining it with 
the elementary split winding shifting circuit is indicated in Fig. 5-7(cl 
In this circuit, cores S 2 , S 3 , and S 5 form an inverter circuit of the typo 
described in the previous paragraph. The shifting circuit between N t inn I 
S 4 is merely for the purpose of causing the A and B input signals to mi 
rive at the S 4 and S 5 cores at the same time. The shifting circuit which 
includes S 4 , S 5 , and S 6 provides an inhibiting function whereby the I 

signal is inhibited by a B signal, and S« is therefore set to 1 under input 
signal conditions which are equivalent to AB. m 
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Fig. 5-7 (d) shows the connection to be used when the output from one 
core is to be used to operate a multiplicity of other cores. 

The Split Winding Shifting Circuit as a Basis for a System of Cir¬ 
cuit Logic. In principle it is possible to develop a complete system of 
circuit logic with the circuits shown in Fig. 5-7 although the subject of 
storage deserves more attention. As was mentioned, it is possible to store 
a binary bit of information in a core itself without any feedback circuit 
in the ordinary sense. However, to sense the digit stored in a core it is 
necessary to destroy the digit, and if continued storage is desired, it is 



(o) 



Fig. 5-8. Flip-flop circuits. 


necessary to regenerate the digit and replace it in the core. When the 
1 lured information is to be utilized from time to time, the regenerating 
circuit needed for continuous storage is a feedback circuit. In some re¬ 
spects the feedback action needed here is similar to the feedback used 
lor storage with the various tube and transistor systems of circuit logic, 
but the similarity is not extensive. 

The basic binary storage or flip-flop arrangement with the two-core- 
per-bit split winding shifting circuit is shown in Fig. 5-8(a). As the X 
mid K driving pulses are applied alternately, a 1 or a 0 , as the case may 
be, is shifted back and forth between Si and S 2 . The initial insertion of 





















208 Digital Computer Components and Circuits 

the binary digit may be accomplished by passing a current through an 
additional winding (not shown in the figure) on either Si or S 2 . Alterna¬ 
tively, the shifting circuits between the two cores may be made a part 
of a logical circuit of the type shown in Fig. 5-7. An example of this 
alternative method of inserting information is indicated in Fig. 5-8 (b), 
which shows a complementing flip-flop. The flip-flop itself is composed of 
cores Si and S 2 , and these two cores function as explained for Fig. 5 - 8 (a). 
Cores Si, S 2 , and S 4 also form an inhibiting circuit of the type illustrated 
in Fig. 5-7(b). A 1 inserted in S 4 will inhibit the shifting of a 1 from Si 
to S 2 at the time of the X driving pulse. The currents through the two 
halves of the N 1 winding of S 2 are passed through the two halves of the 
N i winding of S 3 , but in the opposite direction. The result is that Si, S 3 , 
and S 4 form another inhibiting circuit whereby a 1 in Si will inhibit the 
shifting (to S 3 ) of any 1 that may be present in S 4 . At the time of the Y 
driving pulse the or circuit formed by S 2 and S 3 will be effective in re¬ 
turning a 1 from either of these two cores to Si. The net effect of the 
arrangement is that the binary digit stored in the flip-flop will be shifted 
back and forth undisturbed until a 1 is inserted in S 4 . At the time of the 
next X driving pulse a 1 will be shifted into the flip-flop if it originally 
contained a 0 , but if it originally contained a 1 , the inhibiting action will 
cause the flip-flop to be set to the 0 state. 1 

A major limitation with this system of circuit logic is in the amomif 
of logical switching that can be accomplished in one or two steps of 
shifting. The number of inputs to an or switch, for example, is limited 
in a practical sense by the fact that the impedance of the N 2 winding* 
is not exactly zero when the cores contain binary 0 ’s, although some com¬ 
pensation for this unbalanced condition can be obtained by inserting 
“dummy” cores in the opposite branch of the split winding. The limit 11 
tion is more serious with the and function, where two steps of shifting 
are required even when there are only two input signals. Fortunately, it 
is possible to achieve the and function by inverting each input sign/d, 
combining them in an or function, and then inverting the result. Then- 
fore, in principle a maximum of three shifting steps are required for Him 
and function regardless of the number of input signals to be combined, 
except that the limitation mentioned for the or circuit still applies. 

If it were not for the limitations on the amount of logical switching 
that can be accomplished per step of shifting, this magnetic core synlem 
of circuit logic could be applied to computer functions in subsl ant in 11 v 
the same manner as for either the delay unit system or (ho diode gntt 
system, as described for vacuum tubes. When used as the analogy o( llm 
delay unit system, the information would “march” from one level nf 
cores to the next, a logical transformation being performed at each nl« p 
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In view of the two-core-per-bit nature of the shifting circuit, the infor¬ 
mation bits would have to be separated from each other by at least two 
levels of cores, although several levels of cores may be utilized in obtain¬ 
ing a given switching function. 

When compared with the diode gate system the cores operated by the 
A driving pulse (the X cores) could be assumed to correspond to the 
flip-flop storage units when vacuum tubes are employed. The cores op¬ 
erated by the Y driving pulse (the Y cores) would become intermediate 
«<orage cores, and the information in the arithmetic and control circuits 
of the computer would be shifted back and forth between the X cores 
/tinI the Y cores. At each shifting operation the information would be 
I ransformed in accordance with the logical connections between the cores. 
After each cycle of operation the status of the set of X cores would be 
Home logical function of the status of the same cores at the end of the 
previous cycle. 

In view of the fact that the two shifting operations from the X cores 
t» the Y cores and then back to the X cores are not sufficient to perform 
complex switching functions it may be necessary to incorporate more 
hHh of intermediate cores. For example, with four sets of cores, labeled 
A' 1 , Y 1 , X 2 , and Y 2 , the main storage function might be assigned to the 
V, set with the information shifted from this set to the other three sets 
in sequence before being returned to the X x set. In this way four steps of 
Hulling would be available to achieve the desired switching from one 
cycle to the next. Note that in this concept of circuit logic with magnetic 
cures, the necessity for flip-flops of the type illustrated in Fig. 5-8 does 
not. exist, although such a circuit may be a useful adjunct to the system. 

When adapting core circuits of this type to either the delay unit system 
nr I he diode gate system, the extra steps that would be needed to accom¬ 
modate the more complex switching functions encountered in a computer 
would generally cause a large number of cores to be consumed for mere 
delay to obtain proper phasing of all signals. Because of this factor it 
does not seem likely that it would be desirable to assemble a computer 
"ilh only the elementary logical circuits and in the relatively straight¬ 
forward manner described. More flexible logical circuits and special ar¬ 
my* for specific computer functions might be preferable. 

Magnetic core logical circuits similar to those described here have 
Ihm’ii developed by the Burroughs Corporation. Pulse repetition rates up 
In 100 kilocycles per second have been reported. 


Other Ways of Obtaining Logical Functions with the Split Wind¬ 
ing Shifting Circuit. Several variations in the split winding shifting cir- 
• nil may he employed for improved flexibility with regard to the avail- 


idile logical functions. Some of these variations are shown 


in Fig. 5-9. An 
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inverter action is obtained with the circuit in Fig. 5-9(a). With this cir¬ 
cuit, core S 2 must be set to 1 prior to the shifting of the digit from Si to 
S 2 . If Si contains a 1, the impedance of its N 2 winding will be high, and 
the larger current will flow in the top half of the Ni winding of S 2 . The 
current in this half of the winding will be in the direction that causes S 2 
to be returned to 0 so that at the end of the operation the digit in S 2 will 
be the inverse of the digit originally contained in Si. 



Fig. 5-9. Variations in the split winding shifting circuit for obtaining other 
logical function. Note I: Must be reset to 1 prior to shifting. Note II: Will bn 
reset to 1 by the shifting process. J 

When two cores, Si and S3, are connected with their N 2 windings in 
series and when the connections to the N 1 winding on S 2 are reversed H 

indicated in Fig. 5-9 (b), the resulting logical function is AB. The S 2 con 
must be reset to 1 initially. That the indicated logical function in pci 
formed can be understood by observing that S 2 will remain in the 1 hImIc 
only when both Si and S 3 contain 0’s at the time the shifting action tube* 
place. 

In Fig. 5-9(c) the driving pulse is applied to the opposite end of I be 
N 2 windings of the Si and S 8 cores. With this arrangement a high imped¬ 
ance will be produced when a given core contains a 0 instead of a I, If 
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S 2 is initially rest to 1, it will remain in this condition only when both 

51 and S 3 contain l’s at the time of the shift, and the logical function is 
therefore AB. Since the driving current is passed through the N 2 wind¬ 
ings in the direction which is opposite to that of the previous circuits, Si 
and S 3 will be reset to the 1 state instead of the 0 state at the termina¬ 
tion of the shifting process. 

The function, A + B is produced with the circuit in Fig. 5-9 (d). Core 

5 2 will be set to 1 if either Si or S 3 initially contains a 0 and therefore 
produces a high impedance that causes the larger current to flow in the 
bottom half of the Ni winding on S 2 . In this case S 2 should have been 
reset to 0 prior to the shifting operation, but Si and S3 will be left in the 
I state. 

An alternative method of obtaining the and function is shown in Fig. 
5-9 (e). With the driving pulse applied to the intersection of the N 2 
windings on Si and S 3 , the larger current will flow in the bottom half of 
Ibe N 1 winding on S 2 only when both Si and S 3 contain l’s. Core S 2 
should be at 0 prior to the shift operation, but as indicated in the figure, 
I In* shifting operation will cause S 3 to be reset to 1. An alternative form 

of the A + B function can be obtained either by setting S 2 in Fig. 5-9 (e) 
to I initially or by reversing the connections to the N 1 winding of S 2 . 
When three or more input signals are to be combined, other useful varia¬ 
tions of the circuit can be developed by placing the N 2 windings of the 
lidded input cores in series with the N 2 windings of Si or S 3 . 

In view of the fact that with the circuits in Fig. 5-9 some of the cores 
n lion Id be reset to 0 and others to 1 prior to a shift, whereas the shifting 
operation itself causes some to be reset to 0 and others to 1, it is awk¬ 
ward to apply these circuits to a two-core-per-bit system of circuit logic. 
These variations can be adapted to circuit logic in a more straightforward 
way by using the three-phase concept discussed in the next section. 

A Three-Phase System of Circuit Logic. A three-phase system of 
circuit logic can be developed by using three clock pulses X, Y, and Z 
which are applied cyclically to successive levels of cores in a shifting ar- 
iuy. d'hc major purpose of the three phases is to provide a means for 
utilizing the circuits in Fig. 5-9 more effectively. A generalized indica¬ 
tion of the system is presented in Fig. 5-10(a). The basic shifting circuit 
in Nidi of the two-core-per-bit variety in its method of operation, except 
Hint successive information bits must be separated from each other by 
three instead of two levels of cores, so that from the standpoint of circuit 
logic it, is effectively a three-core-per-bit system. In the figure the suc- 
u' ive levels are arranged in vertical column. Information is shifted 
(min the first level to the second by the .V driving pulse; and during the 
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Fig. 5-10. Three-phase system of circuit logic. 


time that this shifting operation is taking place, the cores in the third 
level are not being affected and are therefore available for other pur¬ 
poses. In particular, they may be reset to 0 or to 1 as required by I lie 
nature of the logical circuits of which they are a part. The resetting of 
a core in the third level may be accomplished by applying the A' (hiv¬ 
ing pulse to an additional winding on the core as indicated at S 7 in I lie 
figure. The pulses induced in the and N 2 windings of the core will mil 
affect cores in the preceding or succeeding levels because of the diode* In 


the shifting circuits. 

When the Y driving pulse is shifting the information from the second 
to the third level, this pulse may also be used to reset the cores in I he 


first level as required. In Fig. 5-10(a) 


the Y driving pulse is indicated n* 
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being used as a reset signal for S3. Similarly, the Z driving pulse may 
i hen be used to reset cores in the second level during the time it is shift¬ 
ing information from the third to the fourth level (or back to the first 
level). Note that some of the cores may not require a resetting pulse 
because the logical circuit may happen to leave them in the desired con¬ 
dition. In the purely random case, half of the cores will be left in the 
desired state (which for any individual core may be either a 0 or a 1) by 
I he shifting operation; the other half must be reset to the opposite state. 

A computer function developed in a straightforward manner by the 
procedure indicated in Fig. 5-10 (a) is not likely to be realized in the 
most economical manner from the standpoint of the number of cores 
utilized, because countless variations and special circuits can be devised 
lor specific applications. One such variation is presented in Fig. 5-10(b), 
which shows a three-input and function. Input signals A, B, and C are 
initially stored in cores Si, S 2 , and S 6 , respectively, after having been 
h! lifted into these cores, presumably by shifting circuits controlled by 
I he Z driving pulse. The X driving pulse then shifts the C bit into S 5 and 
the inverted A and B bits into S3 and S4, respectively. On the next step 
I he Y driving pulse shifts the inverted A and B bits into S 5 along with 
another inversion and an and function with the result that S 5 is left in 
I he 1 state only if all three of the input information bits were l’s. The 
resultant bit is shifted out of S 5 by the Z driving pulse, which leaves S 5 
m the 0 state as required for the next set of input bits. 

Modifications of the Split Winding Shifting Circuit. An alternative 
form of the split winding shifting circuit is shown in Fig. 5-11 (a). An 
additional winding, iV 3 , is included on each core for resetting the core to 
0. If, for example, Si contains a 1 at the time the X driving pulse is ap¬ 
plied, a voltage will be induced in the N 2 winding on this core, and the 
polarity of this voltage is such that current through the Di path is 
prevented. The driving current will therefore pass through the D 2 path 
mid cause S 2 to be set to 1. If Si had contained a 0 initially, there would 
have been no flux change, and the current would have divided equally 
between the two paths, with no resulting effect on S 2 . 

In Fig. 5-11 (b) the positive supply voltage is connected to one end of 
I be input winding Ni on each core. A resistor is included in each shifting 
circuit to cause the impedance of the path through the input winding of 
any given core to be appreciably greater than the impedance of the out¬ 
put winding of the previous core when the previous core contains a 0. 
\\ ben a I is being shifted the induced voltage in the output winding 
overcomes the inserted impedance, with the result that the driving cur- 
ienl passes through the input winding of the core to which the digit is 
being shifted. 
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With either variation of the shifting circuit, the number of turns on 
the various windings should be chosen so that the voltage induced in the 
output winding when shifting a 1 from Si to S 2 is sufficient to cause D 1 to 
appear in the reverse or high-resistance direction. If the current through 
this diode is merely diminished, the induced voltage can create a large 
circulating current in the circuit loop between the two cores after the 
flux reversal in S 2 has been completed. This circulating current is un¬ 
desirable because it acts like a heavy load on Si and opposes the comple¬ 
tion of the flux reversal in that core. Another circuit design consideration 
is that there should be more turns on the Nx winding of S 2 than on the 
N 3 winding of Si to insure that the flux reversal process will be com¬ 
pleted in S 2 before the induced voltage in the N 2 winding of Si is termi- 

nated. 1 

A refinement of the circuit in Fig. 5-11 (b) is given in Fig. 5-11 (c). Th^ 




Fig. 5-11. Modifications of the split winding circuit. 
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added cores are designated by the letter T because they act more like 
pulse transformers than storage units. If Si contains a 0 at the time of 
the shift, most of the current will flow through the W 4 winding of T 1 be¬ 
cause it contains fewer turns than the N 5 winding. The flux change in T 1 
will cause a voltage to be induced in the N 5 winding. If the turns ratio is 
sufficiently great, a voltage in the high-resistance direction will appear 
across D 2 , and then substantially all of the current will flow through the 
A., branch. When Si contains a 1, the operation of the circuit is the same 
as previously described, except that the design must be such that the 
voltage induced in the N 2 winding of Si exceeds the induced voltage in 
I lie iV 4 winding of 7\ plus the voltage drop across the Ni winding of S 2 . 
Another variation of this circuit can be obtained by connecting the N 5 
winding between points b and c instead of between points a and c as 

Indicated. 



(A+B) (C+0) AB+CD 

(0) lb) 

Km. 5-12. Logical functions as obtained with the circuit in Fig. 5-11 (B). 


In comparison with most other magnetic core systems the shifting cir- 
mil* in Fig. 5-11 are unusually well adapted to the basic logical func- 
llnna. Fig. 5-12(a) shows a circuit capable of performing the logical 
Innelion (A + B) (C + D) in a single step of shifting with the basic 
bln 1 ling circuit of Fig. 5-11 (b). The operation of this circuit may be un- 
dii loud by observing that the driving current will pass through the 
In him* li ol the circuit containing the resistance if opposing voltages are 
hi'l'ieed in both of the other paths. Such a voltage will be induced in the 
pMih corresponding to cores A and B if either of these cores has been set 
l" I II cither of the C and I) cores has been set to 1, a similar voltage 
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will be induced in that path. Although the derivation of these circuits 
appears to have been quite different from the derivation of the circuits in 
Figs. 5-4 and 5-5, they are similar in many respects, and the mirror 

symbol notation is found to be applicable and convenient. 

The function AB + CD is obtained with the circuit shown in Fig. 5- 
12(b). By examining the circuit connections it may be observed that the 
drive current will flow through the path containing the resistance if an 
opposing voltage is induced in the path that includes the output windings 
of A and B or in the path that includes the output windings of C and D. 
Since the A and B paths are connected in parallel, voltages must be in¬ 
duced in both A and B for the required conditions to exist. A similar 

requirement is created for the C and D cores. ! 

By straightforward methods both of the above circuits can be extended 

to include three or more variables in any of the and and or functions. It 
may be noted that the configurations shown in Fig. 5-12 correspond to 
the two-level diode switching circuits described in Chapter 2. Extensions 
to three or more levels of logical functions in one step of shifting are also 
possible. For example, if a fifth core, E, is included in the circuit of 
Fig. 5-12(a) with its output winding connected in series with the series- 
parallel combinations of the other output windings, the functions pro¬ 
duced will be (A + B)(C + D) + E. In Fig. 5-12 (b), if the output wind¬ 
ing of E is placed in series with the output winding of D, the function 

will be AB -f C (D + E ). ... I 

Probably the most straightforward way of obtaining inversion or an 
inhibiting action is to employ a second input winding for the input vari¬ 
able to-be inverted. This second winding would be connected so that it 
would create an opposing mmf in a manner similar to the scheme used in 
the circuit of Fig. 5-4(c). More complex combinations of the inverted 
signals and the and and or functions can be obtained by using the drivl 
ing currents to reset some cores to 0 and others to 1 and by employing a 

three-phase system in the manner outlined in Fig. 5-10. . I 

A Push-pull System of Circuit Logic. The principles of the shift ing 
circuit of Fig. 5-11 (b) can be extended to a push-pull type of operation 
that has some potential advantages of considerable importance. The bnilfl 
push-pull shifting circuit is shown in Fig. 5-13(a). Two cores are used fof 

each bit. If the two cores are designated by Si and 3*, the storage of a 

binary 1 is indicated when & = 1 and 3* = 0; the opposite set of conch 
tions in the cores is the representation for a binary 0. The condition 
where both cores in any given pair are at 1 never occurs, although bolli 
cores are set to 0 by the driving pulse when the digit in one pair of cornu 

is shifted to the next pair. .H 
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To illustrate the mechanism of operation, assume that the Si and Si 
pair of cores in the figure contains a binary 1 at the time an X driving 
pulse is applied. With the polarities of the drive windings as shown, the 
Si core will remain at 0, but the direction of flux in Si will be reversed, 
with the result that a voltage will be induced in the output winding of 
this core. The path for the flow of driving current has two branches, each 
branch passing through the series connection of an output winding of one 
of the cores, a resistor, and an input winding on each of the cores, S 2 and 

Kj. Since the polarity of the voltage induced in the output winding is in 
I he direction which opposes the flow of driving current, more than one 
half of this current will flow through the bottom branch in this example. 
Driving current in the input windings in series with the bottom branch 
tends to set S 2 to 1 and S 2 to 0. Current, if any, in the top branch would 
have the effect of setting the S 2 pair of cores to the opposite state. The 
net effect of the larger current in the bottom path is to insert a binary 1 
in the S 2 pair. If the Si pair had contained a binary 0, the greater por- 
I ion of the current would have flowed in the top path, and the net effect 

would have been to set S 2 to 0 and S 2 to 1, which is the desired status of 
I hose cores for the storage of a binary 0. After the flux reversal process 
in the Si core has been completed, the induced voltage in the output 
winding terminates, and then the driving current divides equally between 
the two paths because the resistances R are assumed to have equal values. 
With an equal number of turns on the two input windings on each core 
(here is then a net mmf of zero, and there is no further disturbance to 
I Ik* So cores. 

The circuit in Fig. 5-13(a) has been shown without diodes. In some 
applications it may be necessary to install a diode in each branch of the 
coupling circuit to eliminate unwanted circulating currents from the vari- 
oum induced voltages that occur during the shifting operation. In other 
applications the resistances alone will be sufficient to reduce the circulat¬ 
ing currents to a satisfactory level. Note that when shifting, it is not 
necessary for the voltage induced by the core containing a 1 to reduce 
llie current in the corresponding branch to zero. It is sufficient that the 
current in one branch be temporarily larger than in the other. Because of 
Hum characteristic the circuit tends to be quite stable and independent of 
I In* amplitude or duration of the driving pulse. With other shifting cir¬ 
cuits it is necessary for the amplification factor to be less than unity for 
Die hi nail signals that represent 0’s but greater than unity for the large 
ponds representing Ts; otherwise incorrect signals will be obtained when 
llie digits are shifted through many steps. However, with the push-pull 
circuit as described only the polarity and not the amplitude of the signals 
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is of importance, so that a large amplification factor can be utilized under 
all conditions. Unless a serious mismatch exists in the components in any 
given pair, the condition of no signal being shifted from one stage to the 
next is a condition of unstable equilibrium. Therefore, for proper opera¬ 
tion it is sufficient that the signal be great enough to create a detectable 
imbalance of the correct polarity in the current flow in the two branches, 
and the amplification produced by the shifting circuit will maintain the 
digits as they are shifted from one stage to the next. Of course, it is 
desirable that the amplitude and duration of the driving current be great 
enough to set the Si cores completely to 0 when shifting from Si to S 2 . 

Besides allowing for the elimination of diodes and providing a shifting 
means that is largely independent of signal amplitude, the push-pull 
arrangement reduces the requirements on the rectangularity of the hys¬ 
teresis loops of the core material. In fact, it is not necessary that the 
hysteresis loops be rectangular at all. The main requirement is that the 
loops for the two cores in any pair be approximately the same. However, 
it is likely that best operation can be achieved with cores that have rea¬ 
sonably rectangular hysteresis loops because a smaller induced voltage 
will be obtained from the core in the pair that contains the 0 when shift¬ 
ing. The difference in currents in the two branches will then be more 
pronounced, and the core pair to which the digit is being shifted can be 
not to the desired state in a more positive manner. 

When adapting the push-pull shifting circuits to logical functions, the 
requirement that must be met is that for each combination of input digits 
an induced voltage must be generated in one of the two branches but not 
in the other. The arrangement that meets this requirement and yields an 
on function is shown in Fig. 5-13(b). The output windings of the A and 
It cores are connected in series in the upper path, and the output windings 

of the A and B cores are connected in parallel in the lower path. If the 
binary digits represented by A and B are both 0’s, the upper path will 
present a relatively low impedance to the flow of driving current, but an 
opposing voltage will be induced in each branch of the lower path. If one 
(or both) of the signals is 1, an opposing voltage will be induced in the 
Upper path, but current will be able to flow through one or the other (or 
both) of the output windings in the lower path. Since a current in the 
lower path causes a binary 1 to be entered into the core pair to which a 
digit, is being shifted, the requirements for an or function are satisfied. 
Diodes D '2 and I) 8 are included in the circuit to eliminate circulating 

I’Uircnt.H in the circuit loop composed of the A and B output windings. 
Diode I )i may not be necessary in all applications but is included to 
Insure t hat current will not (low in the reverse direction in the upper path 
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when both A and B are equal to 1. With this combination of input signals 
the voltage induced in the upper path will be the sum of the voltages in¬ 
duced in the output windings of the A and B cores. 

The and circuit of Fig. 5-13 (c) is similar to the or circuit except that 
the output windings of the A and B cores are connected in parallel in the 
upper path with the A and B output windings in series in the lower path. 
With this connection current can flow in the lower path only when A and 
B are both equal to 1. 

In the push-pull system the function of inversion is accomplished by 
the simple expedient of interchanging the connections to the input wind¬ 
ings of the core pair to which the digit is being shifted. The circuit is 
shown in Fig. 5-13 (d). Complete flexibility is provided in the or and and 
circuits in that the input variables can be inverted individually or the 
function as a whole can be inverted. To invert an input variable the 
reversed connections are made at the output windings of the core pair 
supplying the variables. Fig. 5-13 (e), for example, shows a three-input 
or circuit, the third input variable, C, being inverted to yield the func¬ 
tion, A + B 4- V. As another example, consider Fig. 5-13 (b). If the con¬ 
nections are interchanged at the input windings of the core pair to which 

the digit is being shifted, the function obtained will be A -h B = AB. 

Multilevel switching functions in one step of shifting are also possible 
with the push-pull system. As an example, Fig. 5-13(f) shows the circuit 
that would be used for producing the function AB + CD. The upper path 
of the shifting circuit passes through the A and B output windings in 
parallel and then through a series connection to a parallel combination of 
the C and D output windings. In the lower path the current may puns 

through the series combination of the A and B output windings or the 

series combination of the C and D windings. The general rule for assom 
bling switching circuits having any number of levels is to pass the 
“lower” path of the shifted circuit through the A { output windings in 
series to obtain an or function and in parallel to obtain an and function, 

the “upper” path passing through the A t windings in the opposite mannei 
with respect to the series-parallel character of the arrangement. It is not 
difficult to show that when this rule is followed, the driving current w ill 
cause an opposing voltage to be induced in one but not both of the path*, 
regardless of the combination of input variables present. As before, the 
individual variables or the function as a whole can be inverted by inlei 
changing the appropriate connections. i 

A flip-flop in the push-pull system is obtained by shifting a binary 
digit back and forth between two pairs of cores and is not basically dll 
ferent from the flin-flops in other two-phase magnetic core system*, 
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except that the methods of entering and sensing the digit are more flexible 
as a result of the flexibility present in the other logical circuits of the 
push-pull system. 

One-Core-per-Bit Shifting Circuit. In the two-core-per-bit shifting 
circuit the second core was for the principal purpose of temporary storage 
as a bit of information was shifted from a given core to the next core 
operated by the same driving pulse. This temporary storage function can 
be accomplished by means of a capacitor, and it is thereby possible to 
eliminate the second core and obtain a one-core-per-bit shifting circuit. 
With this arrangement only a single driving pulse is needed, and succes¬ 
sive bits can be stored in adjacent cores in a shifting register. 



Fig. 5-14. One-core-per-bit shifting circuit. 

The one-core-per-bit shifting circuit is shown in Fig. 5-14. The mag¬ 
netic cores should generally have characteristics of the type described 
previously and in particular should have a square hysteresis loop. For 
purposes of explanation, assume that core S 2 in the figure contains a 1 
and that Si and S 3 contain 0’s. The driving pulse is applied to all cores 
simultaneously in a direction which tends to set the cores to 0. The mag¬ 
nitude of the driving pulse current is several times the minimum necessary 
In change a core from one state to the other, so that S 2 is rapidly reset 
In 0; but there is no appreciable flux change in the other cores. When the 
direction of the flux in S 2 is reversed a voltage pulse is induced in both 
the A] and N 2 windings of this core. The polarity of the voltage in N 2 is 
Mich that a current can flow through D 2 in the low-resistance direction. 
At this time most of the current will flow into C 2 , where it will produce 
a stored charge, and a relatively small portion of the current will flow 
through the N\ winding of S 3 because of the series resistance R 2 . The 
polarity of the induced voltage at the AT winding of S 2 is the direction 
I hid will tend to cause current to flow in the low-resistance direction of 
/>,. and current in this direction will tend to cause Si to be set to 1. How¬ 
ever, the magnitude of this current will be relatively small because of 
/«', Also, if the N\ windings are chosen to have fewer turns than the N 2 
windings, the voltage amplitude of the pulse induced in N^ will be rela- 
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tively small The tendency for ft to be set to 1 at this time is practically 
eliminated because the driving pulse is holding all cores at the 0state 

cause Z) ITthe ^ ^ ^ ^ * accumulated on Cl be- 

parallel with C v * W “ dmS ^ Sl COnstltute a low-impedance path in 

I! 6 1 terminat , i ‘ )n of the dri -ng pulse the stored charge in C 2 repre- 

through the high-resistance direction of D» but the capacitor wiflL dTs- 
charged through the N, winding of S 3 . The circuit parameters are chosen 
so hat the magnitude of the discharge current is sufficient to reverse the 
direction o flux m ft and set it to 1. There is no tendency for a charge Jo 
be accumulated in C, as a result of an induced pulse from ft because 

6 , 1S ™ flUX Change ln Sl w hen it contains a 0 initially as was as- 

tTthenT net ° f the drfving PUlse is thereforc *0 shift each digit 
to the next core on the right. If both ft and S 2 contain 1 ’s initially the 

induced pulses at C x from the two cores will be of opposite polarity ’ but 

the pulse from ft will override the pulse from ft because of the pres’ence 

ennf 1 TTt ° f the . lar Z e numb er of turns on the N a windings in 
comparison with the iVi windings. ° 

After the capacitors have become adequately discharged a second driv 
mg pulse may be applied to shift the information a second p„s”ti„„ ,J 
the nght. Fortunately, if a 1 has been shifted into a given core, the pro- 
ding temporary storage capacitor need not become completely dis¬ 
charged by the time of the next driving pulse. The reason is that when the 
given core is reset to 0 by the driving pulse, the induced pulse in the 
preceding capacitor is of the polarity which tends to complete the din- 

cal p S rovidL it r PaClt r' I hG amplitude of the driving pulse is not criti- 

; nr , atio " of the d ™* ^«■ » f 

to O s but it should not be so long that the temporary storage capac.. 

N:te e r,rr^ d ‘ scharged «”» ‘he pub* is .. 

mg cremt ,s not closely related to the stored magnetic energy in 2 Z, 
he stored energy in a capacitor is proportional to the square of the volt 

“ P8d ‘» r Plate *' “ d ‘ he is Proportional ti, M , 

tionai to the amplitude of the driving pulse (for a given load). »„,L. 

e energy ,s supplied by the driving pulse, the l’s can be shifted from 
ore to core without a loss in signal strength. The small 0 signals whirl 
obtained and small stray pulses arc not amplified into V* bmmus,. 
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the current in a core winding must be above a certain minimum amount 

° P™ duce an y appreciable flux change with the result that the effective 
amplification factor for small signals is less than unity. 

It is possible to use a second core for each bit to cancel the signals 
obtained when shifting 0’s. The circuit used would be analogous to the 

one given in Fig. 5-3 (b). 

u Th * BaS1C Lo S lcal Functions Obtainable with the One-Core-per- 
it Shifting Circuit. Fig. 5-15 shows the basic connections that can be 
used with the one-core-per-bit shifting circuit to develop logical functions, 
n each case a notation which has been found to be convenient is indi¬ 
cated along with the circuit. For all of the circuits in the figure it is as¬ 
sumed that all cores are driven simultaneously by a common driving 

o'Tint The driving circuit is indicated in Fig. 5-15 (a) but for simplicity 
is omitted from the other parts of the figure. 

I lie oe function can be obtained in a straightforward way by charging 

1 " tcm P° ra ry storage capacitor from the output of one or the other of 
two cores as indicated in Fig. 5-15(a). The two diodes prevent one input 

" " r ' om a °ri n S as a load on the other in a manner which is substantially 

!*' , same as for the diode or circuits which have been employed in many 
"I the previously described systems of circuit logic. 

A variation in the or circuit is shown in Fig. 5-15(b). In this case two 
complete shifting circuits are used, and current from either Ch or C 2 is 
I'lipable of setting core S 3 to the 1 state. If input signals are received from 

' ,Sl and S 2, the mmf tending to reverse the flux in S 3 will be twice as 
I'.iciif as when only one input signal is present, but the amount of the flux 
clmiigc will be the same for one or two input signals because of the as- 

I . I 0 ^ core material. This form 

" ll ’ <)K clrcmt h as the advantage that each shifting circuit can be used 

H( n< the ^dividual input signals to other cores. It has the disadvan- 
, " f increasing the requirements on any inhibiting signal that might 
a PP lcd to as described in the next paragraph. The two different 
I vI'ch of or circuits are distinguished in the notation by whether or not 

. Ime8 representing the shifting path are joined before they reach the 

' "'c to which the information bits are being shifted. 

\ third type of or circuit is shown in Fig. 5-15 (c). In most respects it 

, l,m,;ir lo the se 4 Cond type, particularly in that a double mmf is pro- 
• "rrd when input signals are supplied at both A and B. The outputs from 

,, an .d n cores can bc used for other purposes hut with a slight loss 
III flexibility. No special symbol is shown for this particular circuit- the 

"i" 1 "' H y ,Tlbo1 as U8ed f or the circuit in Fig. 5-15 (b) can bc adopted. If 
liiTi'HNary, some simple notation can bc devised to indicate that the in- 
|hiI windings have boon combined. 
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An inhibiting action is obtained by reversing the connections to one 
of the input windings. In this way the currents obtained from the discharge 
of the two capacitors will oppose each other from the standpoint of flux 
generation in S 3 . Therefore, S 3 will be set to 1 only when input signals ap¬ 
pear from B and not A. In other words, a signal from A inhibits the passage 
of a signal from B. The circuit is shown in Fig. 5-15 (d). In practice it is de¬ 
sirable to place more turns on the inhibiting winding than on the other in¬ 
put windings to insure that the inhibiting signal will override the other 
signal. If the current tending to set S 3 to 1 is supplied from two separate 
temporary storage capacitors as in Fig. 5-15(b) or (c), the number of turns 
on the inhibit winding must be doubled (for a given a value of inhibiting 
current) in order to provide an inhibiting action when signals are received 
on both input lines simultaneously. Although occasional applications are 
encountered where input signals will appear on one but not both lines on 
I he same cycle, in the general case there are no restrictions on the combina- 
tions of input signals that may be applied. In the symbol for the inhibit¬ 
ing circuit the inhibiting input is indicated by a line which crosses the 
eore. It is convenient to view this line as placing an obstruction in the 
path of the other input signal. The angle of the line is of no consequence. 

A circuit for generating a continuous series of l’s is found to be useful 

& 

m Home applications, and such a circuit is shown in Fig. 5-15 (e) . The in¬ 
put winding of the core is supplied from a d-c source of current so that 
I lie core will be set to 1 between successive driving pulses. The magnitude 
nl I Ik* d-c current need be only slightly greater than the minimum neces- 
' iiry to reverse the flux in the core. Since the driving current is several 
limes the minimum necessary to reverse the flux, it is not necessary to 
Interrupt the d-c current at the time the driving pulse is applied. The 
symbol for a core that generates l’s is a circle containing the digit, 1. 

When the signal from a given core is to be shifted to two other cores, 
cil her of the circuits in Fig. 5-15(f) and (g) may be used. In Fig. 5-15(f), 
where the input windings of S 2 and S 3 are connected in series, the connec- 
IIuuh to either one or both of these windings may be reversed to provide 
mii inhibiting input. When separate shifting circuits are employed as 
indicated in Fig. 5-15(g), a greater amount of flexibility can be obtained 
in Unit it is possible to combine one or both of the shifting circuits with 
nl her circuits in an or fashion as shown in Fig. 5-15(a). The two types 
nl mil pul circuits are distinguished in symbolic notation by the number 
nl lines leaving the core. 

riu* extension of the or circuit or the inhibiting circuit to three or more 
input signals is straightforward. Also, a given core may drive more than 
!\vn oilier cores. The number of branches that can be utilized reliably is 
ii matter of detailed circuit design. In the case of the or circuit in Fig. 5- 
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15(a) the principal limiting factor is the back resistance of the diodes. 
When a given core is to drive a multiplicity of other cores, an important 
limiting factor is the “squareness” of the hysteresis loop. The energy 
stored in the capacitor must be sufficient to create the necessary current 
for reversing the flux in the cores to which the information is being 
shifted, and a large number of cores would introduce a large inductance 
that would tend to prevent the build-up of current. Then to create the 
necessary stored energy in the capacitor, a large-amplitude driving pulse 
would be required. If the hysteresis loop is as indicated in Fig. 5-1 (c), 
the flux change that would occur when a 0 is being shifted may then be 
sufficient to cause the incorrect generation of a 1. 

Note that when a signal is applied to an inhibiting winding there is 
never a flux change in the core being inhibited. This fact is an aid in the 
design because it implies that inhibiting windings do not introduce a 
large inductance. Another factor to be observed in the design is that when 
a driving pulse is applied to a core containing an inhibiting winding, the 
induced pulse in the inhibiting winding is of the polarity which tends to 
charge the temporary storage capacitor in that circuit. When there is to 
be no inhibiting signal on the next cycle the charge on this capacitor 
should not be allowed to become large. It is necessary to depend on the 
resistor in the circuit for holding the charging current to a relatively 
small value. 

Other Logical Functions Formed with the One-Core-per-Bit Shift¬ 
ing Circuit. Although it is possible to form an and function—for exam¬ 
ple, by choosing the circuit parameters so that current in two input wind¬ 
ings is sufficient to set a core to 1 but current in only one winding is not 
sufficient—it is difficult to make a circuit of this type reliable. A more 
attractive way of forming the and and other functions is through com 
binations of the basic circuits described in the previous section. Any 
logical or computer function can be developed with those basic circuits, 

Inversion, the not function, can be obtained with the 1-generator ami 
the inhibiting circuit as illustrated in Fig. 5-16(a). If a 1 is applied al A, 
it will inhibit the flow of a 1 from the 1-generator, with the result thnl 
the signal at the output will be the inverse of the signal at A. The corn 
in series with the A input is not necessary for the logical operation of I he 
circuit, but it is included to illustrate that the inhibiting input should 
normally be supplied from the output of another core. 

Three methods of forming the and function are illustrated in Fig 5 
16((b), (c), and (d). In Fig. 5-16(b) the A signal is first inverted and 
then applied as an inhibiting signal for the B input. Therefore, B will hr 
allowed to pass only when A is present, and an output signal will appear 
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(g) 

I'm 5-10. Other logical functions with the single-core-per-bit shifting circuit. 


niily when input signals are applied at A and B. The extra cores in series 
" ilh the B input are for the purpose of allowing the two input signals to 
be applied on the same cycle. The and circuit in Fig. 5-16(c) is similar 
I \erpt that the 1-generator is replaced by the B input, as is possible be- 
eaiiHe the only time that a 1 is needed at this point is when B is equal to 
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1. With the three-input and circuit in Fig. 5-16 (d) each input is inverted, 
combined in an or function, and then inverted again. The or function in 
this case is indicated as being provided by three separate inhibiting 
windings. A signal on any one of the inhibiting windings will inhibit the 
passage of a signal applied to a regular input on the core. The advantage 
of this form of the and function is that any number of input signals can 
be combined without increasing the number of cycles between the ap¬ 
plication of the input signals and the appearance of the output signal. A 
variation is to combine the shift circuits to the inhibitnig windings in a 
manner analogous to the circuit in Fig. 5-15(a). 

A flip-flop function is shown in Fig. 5-16 (e). A feature of the one-core- 
per-bit shifting circuit is that the temporary storage capacitor allows 
the output from a given core to be returned as an input to the same core. 
When the feedback connection is made as indicated in the figure, a con¬ 
tinuous series of signals or no signals at all will be obtained on the out¬ 
put line according as the core contains a 1 or a 0, respectively. The flip- 
flop may be set to 1 by entering a 1 through a conventional or circuit and 
it may be set to 0 by applying a signal to an inhibiting winding. 

The flip-flop in Fig. 5-16(f) differs from the previous one in the type 
of input or circuit. However, there is also a functional difference in that 
the signal which sets the flip-flop to 1 appears on the output line on the 
same cycle. The common connection between the input and output shill¬ 
ing circuits implies that only one temporary storage capacitor is involved, 
which is in line with the notation introduced in the previous section. The 
circuit for this flip-flop is shown in Fig. 5-16(g). | 

A complementing flip-flop is illustrated in Fig. 5-16 (h). The feedback 
path for storage includes cores S 3 and S 4 . If the flip-flop contains a 0 
initially, a signal applied at the input will be entered into the feedback 
loop through S 2 ; but if a 1 is stored initially, the input signal will be 
inhibited at S 2 and it will at the same time inhibit the return of the signal 
through S 4 . Consequently, the input signal will change the flip-flop to I lie 
opposite state from the one it was in originally. A detracting feature of 
this arrangement is that input signals cannot be applied on every eyele 
Successive input signals must be separated by at least two cycles, In 
fact, for continuous l’s or continuous 0 ’s at the output, it is nccessMiv 
that the input signal be applied on two consecutive cycles to change' Hie 
flip-flop from one state to the other. J 

The One-Core-per-Bit Shifting Circuit as a Basis for a System o( 
Circuit Logic. As described in the two previous sections, the individual 
logical functions are readily formed through the use of the one-core pel'* 
bit shifting circuit. The devising of a systematic procedure for assembling 
the logical functions to perform computer functions is somewhat more dll 
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ficult. Actually, the delay unit concept and the diode gate concept which 
were discussed in the chapter on vacuum tube systems of circuit logic 
and which were mentioned as possibilities for the two-core-per-bit circuit 
could, in principle, be applied to the one-core-per-bit circuit as well. In 
I lie delay unit system the information bits could “march” through the 
magnetic core logical arrays where in a given path the successive bits 
would follow each other with a separation of only one cycle in time. This 
small separation can be realized even though the bits must pass through 
several levels of cores for the execution of a computer function, unless 
there is a feedback path in the function. An example of a feedback path 
is the carry function in Fig. 3-16 (c). The extremely limited amount of 

• logical functions that can be assomplished in one step of shifting usually 
inquires that the feedback path encompass at least two steps of shifting, 
mid the separation between successive bits being shifted through the sys¬ 
tem must be increased accordingly. In the analogy of the diode gate 
system the information bits in one set of cores would represent the status 
of the computer at a given time, and the bits would be shifted through 
oilier sets (as many other sets as necessary to achieve the desired logical 
functions) and then back to the original set to represent the new status 

ol the computer. One complete cycle would then comprise several in¬ 
dividual shifting cycles. 

In view of the relatively awkward nature of the and function and in 
view of the fact that each core produces a step of delay whether the 
tli*l*iy is wanted or not, it is probably preferable to derive each computer 
function on an individual basis rather than to attempt to use a uniform 
» \ Nlem of circuit logic for the sake of being systematic. However, the 
possible future development of an improved general-purpose system of 
logic for the core-shifting circuits should not be overlooked. 

'The one-core-per-bit shifting circuit has been applied to computers at 
Hir Raytheon Manufacturing Company. Pulse repetition rates up to 
kilocycles per second have been reported. This circuit is also the 
I'M <is for a set of magnetic core “building blocks” offered for sale by the 
•Muck Electronics division of Mack Trucks, Inc. 

Variations in the One-Core-per-Bit Shifting Circuit. It is not neces¬ 
sity that a separate drive winding be provided on each core with the 
mir core-per-bit shifting circuit. Fig. 5-17(a) shows a circuit arrange- 
mnil where the driving pulse is applied in series with the output winding 

• •I each core. If a core contains a 1, the impedance across the terminals of 
llir output winding will be high, and a relatively large voltage will ap- 
|M itr across these terminals at the time the driving pulse is applied. This 
voltage will cause the intermediate storage capacitor to become charged. 
The current from the driving pulse will eventually reset the core to 0 , 
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Fig. 5-17. Other forms of the one-core-per-bit shifting circuit. 

and the voltage at the output winding will no longer exist, but the diode 
will prevent the discharging of the capacitor through this part of the 
circuit. When shifting a 0, the driving pulse will tend to create flux in the 
same direction as before, and there will therefore be no flux change and 
no voltage drop across the winding. 

In Fig. 5-17(b) the number of windings on each core has been reduced 
to one. The intermediate storage capacitors are charged or not by the 
same process that was described for the previous circuit. With the con 
nections as indicated the discharge path for a capacitor corresponding 
to a given core is through the winding on the next core to the right. All 
though this variation of the shifting circuit has obvious advantages from 
the standpoint of cost of the core windings, it does not appear to he 
readily adaptable to other logical functions. , 

Push-Pull Versions of the One-Core-per-Bit Shifting Circuit. Two 
push-pull versions of the one-core-per-bit shifting circuit are shown in 

Fig. 5-18. In these circuits each bit is stored in a pair of cores, S* and S„ 
The “one-core-per-bit” terminology can still be used in spite of the fuel 
that two cores per bit are actually employed, but it should be understood 
that the term refers to the number of cores between successive bits in tha 
shifting chain. In Fig. 5-18(a) capacitor Ci or C 2 becomes charged In 
accordance with whether the bit being shifted from the Si pair to the Ng 
pair is a binary 1 or a binary 0, respectively. If C% becomes charged, tin* 
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Fig. 5-18. Push-pull versions of the one-core-per-bit shifting circuit. 

subsequent current flow in the input windings of S 2 and S 2 is in the direc- 

tinn which causes S 2 to be set to 1 and S 2 to be set to 0. The mmf’s are 
mi the opposite direction in both cores when C 2 is charged as a result of 
I Ik* binary digit being a 0. The major purpose of the arrangement is to 
provide a scheme whereby the functioning of the circuit is dependent on 

I lie polarity of the signal and not the amplitude, so that wider tolerances 
m the circuit and component parameters can be accepted. In particular, 

I I the cores do not have perfectly rectangular hysteresis loops and if a 
given core contains a 0, the charge established on the corresponding 
capacitor will not be effective in entering an unwanted 1 in the next core 
because a greater charge in the opposite capacitor will be enough to pre¬ 
vent this. 

In Fig. 5-18(b) the driving current is passed through the output wind¬ 
ings of the cores in a manner which is substantially the same as the 
rheme used in the circuit in Fig. 5-13(a). During the shifting operation 
a voltage will be induced in the output winding of one core in each pair. 
AxNinne for purposes of illustration that a 1 is being shifted from the Si 
hair .to the S 2 pair. In this case a voltage will be induced in the output 
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winding of Si, and this voltage will be of the polarity which will cause 
Di to appear in the high-resistance direction. The driving current will 
therefore flow through D 2 and will cause a charge to appear on C 2 . At the 
termination of the driving pulse, C 2 will discharge through the path that 

includes the bottom input winding of S 2 , the top input winding of S 2 , 
and R 2 . The current will flow in the direction which tends to set S 2 to 1 

and S 2 to 0. An outstanding advantage of this particular form of the 
push-pull shifting circuit is that it is readily adaptable to the flexible 
logical arrays of the type illustrated in Figs. 5-12 and 5-13. It is still pos¬ 
sible to connect the drive circuits in series as indicated by the dotted con¬ 
nection. Note that the load on the driver is the same regardless of the 
combination of binary digits that might be in the process of being shifted. 

Individual Core-Transistor Amplifiers for the One-Core-per-Bit 
System. With the core shifting circuits that have been described it is 
necessary for the driving pulses to supply a considerable amount of en¬ 
ergy to each shifting circuit. The generation and distribution of driving 
pulses of the necessary amplitude add cost which is not always apparent 
from an examination of the logical circuits alone. Since the driving power 
must be generated by some means or other, the incorporation of an am¬ 
plifier into each individual core circuit is reasonable, and certain advan¬ 
tages can be realized. One potential advantage is that the requirement m 
on the rectangularity of the hysteresis loop can be made less stringent. 
Another is that more cores can be operated from the output signal from 
a given core than is possible when the entire amount of the signal energy 
must be supplied by the driving pulse. Other and perhaps more import nut 
advantages are that the tolerance requirements on the amplitude and 
duration of the driving pulses can be relaxed and that the amplifier pm 
vides a buffer action which substantially eliminates the tendency for in 
formation to be shifted in the reverse direction. These advantage*, 
incidentally, are in comparison with the more elementary transistor I cm* 
shifting circuits and may not be apparent when the comparison is made 
with some of the more refined circuits. I 

Many forms of the amplifier can be devised, but one of the more a! 
tractive types employs a transistor which functions in conjunction willi 
the core much like a blocking oscillator. Three variations of the cimni 
are illustrated in Fig. 5-19. The core in each case serves the dual purpose 
of being a binary storage element and being a pulse transformer for in 
troducing feedback from the output of the transistor to the input In 
Fig. 5-19(a) a current on the input winding, N i, is used to set the coin 
to 1 in the manner which is the same as with the previous core shilling 
circuits. The base of the transistor in this circuit is returned to ground 
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Fig. 5-19. Core-transistor circuits. 


through another winding, iV 4 , on the core. For present purposes it may 
I>0 assumed that the bias voltage applied to the emitter is slightly nega¬ 
tive so that the transistor is in a cut-off condition. The voltage induced 
m IV 4 at the time the core is set to 1 is in the direction which causes the 
I mnsistor to be carried further into the cut-off region. The driving pulse 
(called a “trigger pulse” in this case) is applied to a winding, N s , in the 
Maine manner as before. However, in this case the trigger pulse causes an 
induced voltage in W 4 which brings the transistor into conduction. The 
resulting collector current flows through the load and through N 2 in the 
direction which aids the trigger pulse in resetting the core to 0. The feed- 
Imelc action from N 2 to JV 4 tends to create a further increase in transistor 
current, and the process continues until the core has been completely 

mot to 0. 

Although the action described in the preceding paragraph is substan- 
Mully the same as that of a blocking oscillator, the rectangular shape of 
Hio core hysteresis loop introduces significant alterations in the opera¬ 
tion. For one thing, if the core is initially at 0, the regenerative feedback 
action does not take place. The reason is that the steep portion of the 
hysteresis loop is not traversed and the amplitude of the feedback vol- 
Ugr is not great enough to create a net gain which is greater than 1. The 
higger pulse would tend to induce a signal in the load because of the 
electromagnetic coupling between N 2 and N s , but the amplitude of this 
directly coupled signal would be small in view of the assumed small am- 
I'ldudo of the trigger pulse. Another difference between the operation of 
Urn circuit in Fig. 5-19(a) and that of an ordinary blocking oscillator 
n llmt the regenerative action is not necessarily terminated when the 
luiNc-to-collector voltage reaches some minimum value. If the core has 
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not been completely reset to 0 and if the collector current is sufficient to 
continue the flux reversal process, a voltage will continue to be induced 
in the base circuit. The regenerative action will therefore be maintained 
until the core has been completely reset to 0. In an ordinary blocking 
oscillator circuit where the flux in the coupling transformer is assumed to 
be a function of the instantaneous net mmf, the polarity of the feedback 
signal will be inverted as soon as the collector current reaches a minimum 
and then starts to increase again. 

With a negative emitter bias voltage in the circuit in Fig. 5-19 (a) the 
transistor is in a cut-off condition except when the core is being reset to 
0. The power consumption of the circuit is accordingly very low, and the 
peak current supplied by a given type of transistor can be much greater 
than in circuits where a steady-state current must be supplied at all 
times. Actually, it may be preferable in some cases to bias the emitter 
with a small positive potential so that some current flows in the N 2 wind¬ 
ing at all times. The magnitude of this current should not be so great 
that it would be capable of reversing the flux in the core, and its purpose 
would be to reduce the amount of trigger current necessary to bring the 
circuit into a condition where the gain in the feedback loop is greater 
than one. A minor variation in the circuit would be to connect the emitter 
to ground and return the base to an appropriate bias voltage through 
the iV 4 winding. The advantage of this interchange of connections would 
be that the bias power supply would then need to supply less current, 
than when connected to the emitter because of the current amplification 
that is obtained with a junction transistor in a grounded emitter circuit. 
However, since the circuit shown in the figure seems to have been the 
one employed in practical applications, it will be the one shown in suh 
sequent figures. J 

The circuit in Fig. 5-19(b) is a variation in that the feedback signal 
is applied to the emitter instead of the base, and in Fig. 5-19(c) llio 
emitter current instead of the collector current is used to obtain the feed¬ 
back signal. Since these circuits have no outstanding advantages and lire 
inferior in some respects, they will not be discussed further. The idea 
of applying the trigger pulse directly to one of the transistor electrode* 
by capacitive coupling has been deemed unsatisfactory because of I lie 
tendency for the trigger signal to generate signals of considerable imi 
plitude at the load even when the core contains a 0 and because of Him 
coupling between core circuits that is created when attempts are made In 
trigger more than one core from a single trigger source. When the trigpT 
input is applied to a core winding it is possible to trigger a great mnny 
cores from a single source by means of a simple series connection of Hu* 
trigger windings. To avoid coupling from one circuit to another through 
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the trigger windings in the shifting circuits to be described, it is sufficient 
that the trigger source present a high impedance during the periods when 
a trigger pulse is not being applied. 

Shifting and the Logical Functions as Provided by the Individual 
Core-Transistor Amplifiers. With the core-transistor amplifiers it would 
he possible to employ a shifting circuit which is practically the same as 
Hie shifting circuit described for the one-core-per-bit system. The signal 
lor charging the temporary storage capacitor would be applied through 
u diode from the collector of the transistor in any of the circuits given 
in Fig. 5-19. However, a circuit of this type would not provide all of the 
advantages that are realizable from the core-transistor amplifier. In par¬ 
ticular, the ability of the transistor to block the shifting of information 
in the reverse direction would not be utilized. 


rQ 


t Drive (Trigger) Pulses 

Fig. 5-20. Core-transistor shifting circuit. 

In Fig. 5-20 a shifting circuit is illustrated in which the collector cur¬ 
rent in each core-transistor combination is passed through the input 
winding of the core to which the binary digit is being shifted. The com¬ 
ponents in the network between adjacent cores may be viewed as being 
it short lumped-constant delay line although they perform a function 
which is the same as performed by the temporary storage capacitor in 
II"’ one-core-per-bit system. If, for example, core Si contains a 1 at the 
lime the trigger pulse is applied, the collector current required for re- 
si'lling the core to 0 will be supplied largely by a change in the charge 
rout iiincd in C\. At some later time the current in the input winding of 
,l " will increase to a value sufficient to set S 2 to 1 and effect the shifting 
'"'Hon. If S 2 had also contained a 1 initially, a signal of opposite polarity 
vuiuld have been induced in this same coupling network from the oppo- 
direction, hut the resistance in the network serves to limit the cur- 
lent from this source. Also, by the time that the signal has traveled 












236 Digital Computer Components and Circuits 

through the network in the reverse direction, the transistors will have 
been restored to the cut-off condition, and the signal therefore cannot 
create current in the output winding of the previous core and alter its 
condition. The need for a diode in the coupling network is eliminated by 
the fact that when an input signal sets a core to 1, the induced signal in 
the output winding cannot create a current flow because the collector of 
the transistor will present a high impedance at this time. 

The energy transferred to the temporary storage capacitor (or delay 
line) is obtained in a manner somewhat different from the transformer 
type of action used with other core shifting circuits. However, it is still 
not the stored magnetic energy in the cores which is being shifted. Since 
at the higher operating speeds the rate of flux reversal in a core is roughly 
proportional to the applied mmf or the ampere turns, the quantity which 
must be exceeded for complete flux reversal is a quantity obtained from 
the product of ampere turns and time. This quantity is not the equiva¬ 
lent of energy, although there is also a minimum energy requirement 
that can be determined from the area of the hysteresis loop. If the num¬ 
ber of turns on the winding is small, the amount of current in the wind¬ 
ing must, of course, be proportionately large to produce a given number 
of ampere turns. The quantity of charge which flows during the flux 
reversal process is proportional to the product of current and time, and 
when the charge is supplied by a capacitor the resulting voltage change 
across the capacitor will represent an energy which bears little relation¬ 
ship to any stored magnetic energy in the core. By making the number 
of turns on the output winding relatively small so that a large charge in 
drawn from the condenser, the energy stored in the capacitor can be 
made relatively great. The energy stored in the capacitor will then be 
sufficient to set a large number of other cores to 1 when the capacitor 

discharges through their input windings. 

An alternative form of the shifting register can be obtained by inter¬ 
changing the 1 and 0 designations of the core conditions and by obtain 
ing the trigger input from the signal shifted from one core to the next, 
The driving pulse would in this case need to be of sufficient magnitude lu 
reset the cores to 0 without the aid of the transistor amplifying action 
However, the amplitude of the signal being shifted could be much smaller 
because it would only be required to initiate the regenerative action in 
setting the next core to 1. 

For the most part, the logical functions obtainable with the core 
transistor amplifier arrangement are the same as with the one-eore-per- 
bit shifting system. The or circuit is shown in Fig. 5-21 (a). An allcr na¬ 
tive form of the or circuit slightly different from the one shown can bo 


Magnetic Core Systems of Circuit Logic 237 



(o) (b) 



(c) 



Trigger 


(d) 


I' m, 5-21. Logical functions obtained with the core-transistor combinations 
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obtained by supplying each input signal with a separate winding on S3. 
Another variation is to combine the input signals ahead of the delay 
network, only one such network being used. Note that no diodes are re¬ 
quired with any of the variations. The relative merits of the variations 
are similar to those of the corresponding circuits in the one-core-per-bit 
system. Some differences are introduced by the fact that the capacity in 
the delay line is charged by current from the collector rather than by the 
effects of an electromagnetically induced voltage in the output winding. 
For example, design problems are encountered when only one delay net¬ 
work is used for a multiplicity of input signals to the or switch. The rea¬ 
son is that the capacity in the delay line must be sufficient to provide 
current for resetting to 0 all cores which have been set to 1 by input sig¬ 
nals. J 

When separate input windings are used, an inhibiting action is obtained 

at each input for which the connections are reversed. Such a circuit is 
shown in Fig. 5-21 (b). To insure that the inhibiting current will over¬ 
come the effects of the other input signals, it is desirable to place more 
turns on the inhibiting winding than on the other input windings. 

The and function is obtained through combinations of the or and in¬ 
hibiting circuits in the same way as described for the one-core-per-bit 

shifting circuits. ] 

A binary storage circuit is illustrated in Fig. 5-21 (c). The output is 
returned to the input through a delay line so that if the core contained 
a 1 at the time it was reset to 0 by the trigger pulse, the returning signal 
will restore the core to the 1 state. A binary digit of 1 may be entered 
into the core by means of a signal on an ordinary input winding, or a 0 
can be entered by applying a signal to the inhibiting winding. Presum 
ably the input signals are supplied by other similar core circuits operated 

by the same trigger pulse to obtain proper timing. M 

The function of a complementing flip-flop can be obtained with I lie 

core-transistor combination in a manner quite different from the corre¬ 
sponding circuit in other logical systems. Such a circuit is shown in 1' ig 
5-21 (d), where core S 2 provides the complementing flip-flop action. Inpul 
signals are applied to Si in the conventional fashion. The trigger in pul 
for S 2 is obtained from the collector current in the Si circuit. There!ore, 
if S 2 initially contains a 1, it will be reset to 0 at the same time that N t 
is reset to 0. The delayed signal from Si would tend to restore S a <0 I, 
but the delayed signal from S 2 is applied to an inhibiting winding to pre 
vent this action. In the case where S 2 initially contains a 0, there if im 
signal generated in its output winding, and consequently the signal from 
Si is effective in setting S 2 to 1. In other words, the status of S 2 is re 
versed on each cycle that an input signal is applied to 8 \. The old pul 
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from S 2 may be used to operate S 3 and other cores in an ordinary fash¬ 
ion; or S 3 and subsequent cores may be parts of similar complementing 
circuits to provide a binary counter. 

The Core-Transistor Amplifier as a Basis for a System of Circuit 
Logic. With regard to a system of circuit logic, most of the remarks 
made relative to the other magnetic core shifting arrangements apply 
to the core-transistor amplifier as well. The assembly of the individual 
logical functions into networks required for computers would follow a 
pattern which is most closely related to the system used with the one- 
eore-per-bit shifting circuit. The ability to use the output from one core 
either to set another core to 1 or to trigger it back to 0 does, however, 
produce an element of flexibility not found with the other core systems. 
The complementing flip-flop arrangement is an example of this flexibility. 
No generalized scheme for utilizing this flexibility is known; each logical 
problem is solved individually. One of the decimal counters described in 
< liupter 9 is an example of this system of circuit logic. 

Circuits employing core-transistor combinations of this type have been 
developed by the Raytheon Manufacturing Corporation. 



Fid. 5-22. Multiphase shifting circuit. 
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A Multiphase Shifting Circuit. A circuit which utilizes at least three 
phases of driving pulses or clock pulses is illustrated in Fig. 5-22(a). 
Although only one core in each circuit is needed for the basic shifting 
function, two cores are useful in achieving the various logical functions 
to be described later, and therefore two cores are shown in the figure. In 
operation the cores are first reset to the 0 state by a positive clock pulse, 
CPij applied to a reset winding as indicated. If the circuit is to be set to 
1, an input signal is applied to the input winding at a time controlled 
by CP 2 . To sense the status of the circuit, CP 3 is applied to one or the 
other or both of the output windings in series with loads. The polarities 
of the connections are as indicated by the dot notation. If the core is set 
to 1 by an input signal, the current in the output winding of the upper 
core will tend to create flux in the same direction as created by the input 
signal; and because of the rectangular nature of the hysteresis loop, this 
winding will present a low impedance. On the other hand, CP 3 will tend 
to reverse the flux in the bottom core so that the output winding of that 
core will present a high impedance. Of course in the case where no input 
signal was applied, the circuit would be storing a 0, and the upper core 
would offer a high impedance and the bottom core a low impedance. fl 

A simple symbol to use for this circuit is a rectangle with two terminals 
on the left-hand side to represent the input winding and four terminals 
on the right-hand side to represent the two output windings, where the 
sense of the windings is always assumed to be as given in Fig. 5-22(a l, 
Since the reset winding is connected in the same manner in each circuit, 
it is sufficient to indicate the clock pulse phase to which it is connected 
The convention used here is to indicate the phase of the resetting clock 
pulse at a single terminal on the bottom of the rectangular symbol. 

One arrangement for forming a shifting circuit is shown in Fig. 5-220*), 
Storage core Si is reset to 0 by CP\. At the time of CP 2 core S 2 is rone! 
to 0, and an input pulse is applied to Si (if the input digit is a 1). Tin- 
input digit is shifted from Si to S 2 by CP 3 , with the shifting action being 
a result of the fact that the impedance of the output winding in till 
upper core in Si is low or high according as Si contains a 1 or a 0, n- 
spectively. Because of the rectangularity of the hysteresis loop, the < n 
cuit parameters can be chosen so that the resulting current in the in pill 
winding of S 2 is sufficient to reverse the flux in that core if a 1 is being 
shifted, but the mmf in S 2 is less than the coercive force for a 0. Tlirr# 
is a tendency for CP 3 to reset Si back to 0, but this effect is not objee* 
tionable in this system because Si will be reset to 0 anyway by the nntl 
CPi pulse, which follows CP 3 in cyclical rotation. Shifting of the digilf 
to successive cores follows in an analogous manner. The diodes in Hut 
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circuit perform no logical function, but they eliminate the flow of induced 
currents when the clock pulse lines of two or more cores are connected in 
parallel, as would normally be the arrangement for minimizing the cost 
of the equipment required to supply these pulses. For example, if the 
( T 3 lines supplying Si and S 4 are connected together, a pulse induced in 
Hie shifting circuit between Si and S 2 at the time an input signal is ap¬ 
plied to Si (or at the time S 2 is reset to 0) would create an unwanted 
current flow in the shifting circuit between S 4 and S 5 . 

An alternative form of the shifting circuit is shown in Fig. 5-22(c). In 
I his case, core S 2 is reset by CP 3 , which is one phase later than before, 
mu I a fourth phase, CP 4 , is used for the shifting from Si to S 2 . The clock 
pulses to the other cores are similarly modified, with the result that alter- 
mile cores are reset by CPi and CP 3 , and the shifting is accomplished by 
* 7*2 and CP 4 . In view of the extra clock pulse phase that is required, this 
circuit is slower in terms of the number of information bits that can be 
>diilied in a given unit of time, but only two stages along the length of 
I lie shifting register are needed, whereas with the previous arrangement 
inch bit must be separated from adjacent bits by three states. From a 
logical standpoint the circuit in Fig. 5-22 (c) is very similar to the two- 
enre-per-bit systems with CP 2 and CP 4 functioning as the X and Y driv¬ 
ing pulses. The clock pulses used for resetting the cores must be included 
m I Ik* engineering design, but may be ignored in the logical design. When 
adapting the shifting circuits to logical arrays a certain amount of flexi¬ 
bility can be obtained by utilizing both shifting schemes. 

The Logical Functions as Provided by the Multiphase Shifting Cir- 

• nits. Inversion is obtained with the multiphase shifting circuit by using 
I he output winding on the bottom core as illustrated in Fig. 5-23 (a). 
W lien shifting from Si to S 2 , the impedance of this winding will be low 
If N, contains a 0 so that S 2 will be set to 1 in this case, but it will re- 
iiudn at 0 when Si contains a 1. The inverse of the original input signal, 
A, cun be taken from the upper core in S 2 , and a second inversion can 
hi obtained from the bottom core to yield the original input digit. The 

I * H signals and the timing of the input and output clock pulses are not 
- how 11 in (his figure, but they would be the same as in the shifting circuit 
ihmorihcd in the previous section. 

rim or circuit is illustrated in Fig. 5-23 (b). Because of the parallel 

• onimdion of the output windings on these cores, core S 3 will be set to 1 

II • 1 1her Sj or S 2 contains a 1. The clock pulses for the two input signals 
*ln iml need to be of the same phase. When the two clock pulse lines are 
Hud together and operated by the same phase the diodes serve the pur- 
1 111 *i id blocking any circulating current that would otherwise be gener- 
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Fig. 5-23. Logical functions with the multiphase shifting circuit. 


ated in the resulting circuit loop when Si and S 2 are being set to 1 or reset, 

to 0. The inverse of the or function, which is AB , can be obtained from 
the bottom core in this circuit. 

The and function is obtained from the arrangement shown in Fig 
5-23(c). Core S 3 is set to 1 in the case where a low-impedance path ex« 
ists in the bottom core of either Si or S 2 . In other words, S 3 will renmui 
at 0 and yield a low impedance in its lower output winding only when 
both Si and S 2 contain l’s. If the input signals are A and B, the on!pul 
from the lower core of S 3 will represent a 1 when A and B are 1. TM 

function, A + B, is obtained from the upper winding in this case. I 


The input signal to S 3 can be supplied from the upper winding of mm 
circuit and the lower winding of another circuit, as illustrated in Fig 
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5-23 (d), to provide two useful functions. With the notation as indicated, 
S 3 will be set to 1 if an input signal has been applied at A but not at B. 

The output signal, which is AB and is obtained from the upper winding 

of S 3 , is the familiar inhibiting function. Its inverse, B + A, is obtained 
from the lower winding. 

Fig. 5-23 (e) shows a circuit which produces another pair of useful 
functions. A low-impedance path exists from the clock pulse supply to 
ground only when one or the other of Si and S 2 (but not both) has been 
net to 1 by an input signal. The output function obtained from the upper 
core in S 3 is commonly called the “exclusive or” function. The impedance 
in the lower output winding in this circuit is low when neither or both of 
the input signals are 1. 




Fm 5-24. Flip-flop arrangements employing the multiphase shifting circuits. 


Two flip-flop arrangements are shown in Fig. 5-24. A feedback path 
nmum 1 St and S 2 produces the bistable properties in each case. In Fig. 
5 'I (m) <lie flip-flop is said fo store tv 1 or a 0 according as a pulse or no 


put i of current is shilled back and forth between the two circuits. The in- 
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put circuit is of the complementing type in that a signal applied through S 3 
will invert the initial status of the flip-flop. When the flip-flop is storing 
a 1 , the current from CP 2 applied at S 2 flows through the upper output 
winding of this circuit, D 1 , the input winding of Si, D 3 , and the bottom 
winding of S 3 to ground. If a 1 is inserted in S 3 on the appropriate clock 
pulse phase, the bottom output windings on both S 3 and S 2 will present a 
high impedance at the time of CP 2 , so that the flip-flop will be set to 0 . 
When the flip-flop contains a 0 prior to the time of the insertion of a 
signal through S 3 , the current from CP 2 will flow through the upper out¬ 
put winding of S 3 , D 2 , the input winding of Si, D 4 , and the bottom output 
winding of S 2 to ground. In this case the input pulse will have changed 
the state of the flip-flop from 0 to 1 . < 

Another form of flip-flop is shown in Fig. 5-24 (b). In this arrangement 
both Si and S 2 are in the form of inverters. The status of the flip-flop is 
assumed to be indicated by the status of the Si circuit with the S 2 cir¬ 
cuit existing in the opposite state. The conditions for the storage of a 
binary 0 are indicated in the figure with the high and low impedance 
windings at this time designated by H and L, respectively. In the absence 
of an input pulse the S 4 circuit is set to 1 on each CP 2 phase, but there 
is no effect on the flip-flop because the bottom winding of this circuit 
then presents a high impedance. If the flip-flop initially contains a 0 al 
the time an input signal is applied at S 3 , the next CP 2 pulse will reverse 
the state of the flip-flop by causing Si to be set to 1. Note that S 4 will be 
set to 1 on this cycle also because the current from CP 2 can flow through 
the input winding of S 4 , Z> 6 , and the upper output winding of S 2 hi 
ground. If the input signal is applied at a time when the flip-flop con¬ 
tains a 1 initially (when Si and S 2 are at 1 and 0 , respectively), thole 
will be no direct effect on Si, but high impedances will appear in both 
of the return paths for the input winding of S 4 so that this circuit will 
not be set to 1. The resulting low impedance in the bottom winding of 
this circuit will allow CP 4 to return S 2 to the 1 state and thereby restore 
the flip-flop as a whole to 0. The purpose of this particular arrangemuit 
is that the output signals from S 4 can be used to operate another sin li Ini 
flip-flop in the manner required for a binary counter, because a signal 1 • 
obtained each time the stored digit changes from 1 to 0 . I 

The Multiphase Circuit in a System of Circuit Logic. In view of I lie 
fact that all of the basic logical functions can be obtained with the mull 1 
phase shifting circuit in a relatively straightforward manner, a system 
of circuit logic developed with this type of shifting circuit as a. Iki 11 
would appear to be more straightforward than is possible with many of 
the other core shifting circuits. In most respects the fundamental con¬ 
cepts involved would be the same. However, it seems that a certain pile® 
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is paid for the flexibility, and this price is in the logical design complex¬ 
ity. The complementing flip-flop in Fig. 5-24 (b), for example, is not ex¬ 
actly a difficult circuit to understand, but in comparison with the corre¬ 
sponding logical function in other systems of circuit logic it could easily 
hr rated as being among those requiring the most thought for a real 
appreciation of its mechanism of operation. 

When more elaborate computer functions are to be created the need for 
cleverness in logical design and the improvement that can be obtained 
over the “obvious” configurations appear to be greater than with many 
of I lie other systems of circuit logic. It is possible that an improved set 
of symbols could be developed which would be an aid in the logical de¬ 
sign. The symbols used here were chosen mainly because they provide a 
■ lose correlation between the logical functions and the physical circuits. 
The choice of the clock pulse phases is no particular problem when the 
shifting is all of the type exemplified in Fig. 5-22(c), but when shifting 
between certain circuits is to be done according to the pattern of Fig. 
rt 22(b), and organized procedure for determining clock pulse phases 
would he desirable. 

Packaged core circuits of this general category are manufactured com¬ 
mercially by Librascope, Inc., and have been given the trade name Deci¬ 
sion Elements. An earlier version of the Decision Elements involving 

I" and “S” units employed circuits quite different from the present 

• 1 remits, but since these items have apparently been discontinued, a 
ilIncuHsion of them will not be included here. 

A Two-Phase Shifting Circuit with a Serial Connection from One 
Core to the Next. Fig. 5-25 shows the basic shifting circuits of a mag¬ 
netic core logical system similar to the one described previously in that 
I ho current from each clock pulse source is passed serially through the 

• Mil put winding of one core and the input winding of the next core in 
m i|uence. The major difference between these circuits and the previous 
mih'n is that the clock pulse used for shifting information is also used for 
n riling the cores at the same time. Various minor differences will be- 

• •mie apparent from the description of the circuit operation. 


The circuits of this system are frequently called “magnetic amplifiers” 
hemline of their ability to produce an output signal which is considerably 
him pi 1 lied with respect to the input signal. However, this property is not 
luinlumcntally different from the corresponding property of any of the 
• •I In 1 magnetic core shifting circuits which have been described. These 
nmgnelie amplifiers should not be confused with the many types of mag- 
lielie amplifiers developed for nondigital applications; although there are 
•Mime points of similarity, the details of operation are quite different. 

The basic complementing amplifier is shown in Fig. 5-25(u). The posi- 
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Fig. 5-25. Basic circuits of a two-phase logical system with serial connection* 

between successive cones. I 

tive portion of the clock pulse (CP) will tend to reset the magnetic core 
to 0. If the core is already at 0, the output winding will present a rela¬ 
tively low impedance to the flow of current. Consequently, most of 11m 
voltage drop will appear across any load which may be connected to Urn 
output line. A load is not shown in the figure, but it may be assumed to 
be the input winding of a similar amplifier circuit. The input signal*, if 
any, to the circuit are applied during the negative portion of the clock 
pulse. Three input lines are shown, each connected through a sepai nln 
diode to provide an or function. Current from an input line will set Mm 
core to 1. If the core has been set to 1, the next positive excursion of tilt 
clock pulse will not cause a large current in the output winding becau 
the flux reversal occurring in the core will cause the output winding In 
present a relatively high impedance. The various circuit parameters inclinl • 
ing the duration of the clock pulse are chosen so that the core will Imv# 
been returned to 0 at the termination of the positive part of the cluck 
pulse. However, the clock pulse must be returned to its negative* vith 
very quickly after the completion of the flux reversal to prevent Mir itM 
pearance of an unwanted signal on the output line. A timing dingimit 
illustrating the clock pulse and the input and output signals is presciilml 
in the middle part of the figure. The circuit is called a “complement ie**' 1 
amplifier because, as the timing diagram shows, an output pulse uppe 
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when an input pulse is absent. The term “inverter/’ which is the gener- 
nny accepted term in most other systems of logic, would also be appli¬ 
cable. 

The other components shown in the circuit in Fig. 5-25 (a) are not 
essential for the logical operation of the system, but they do perform im¬ 
portant practical functions. Diode D 5 prevents the flow of current in the 
output winding when the clock pulse is negative. Notice that it is de- 
uruble that the clock pulse be negative during the time that an input 
pulse is applied. In this way the input signal is prevented from inducing 
n signal on the output line as a result of magnetic coupling. The current 
through D a and Ri to a negative supply voltage holds the lower terminal 
nl I he input winding at ground potential and at the same time provides 
" means for limiting the induced current in the input circuit during the 
lime that the core is being reset by 0 by the clock pulse. It is desirable 
In hold the terminal at ground potential in order to provide a more con- 
HmiiI load for varying numbers of input signals that might be applied 
Hmultaneously. Also, if a given amplifier drives a multiplicity of other 
amplifiers, it is desirable that the input impedance of each of the driven 
amplifiers be maintained at a relatively high value. If the input imped- 
imrr of any one were to become small, as might happen when the flux 
l ii vernal is completed, the signal to the others would be effectively short- 
circuited. Resistor Bi provides a means for avoiding this difficulty. 

i omponents Dq and R 2 hold the potential of the output line at ground 
1111 1«‘mh (he magnitude of the output signal is sufficient to overcome the 
• m rent drawn by R 2 . Since current is required to reset the core to 0, the 
amplitude of the 0-signal may be a substantial fraction of the amplitude 
i»l I he I-signal, and it is desirable that some means be included to pro- 
M<k a better discrimination between the two types of signals. Resistor 
mid the supply voltage to which it is connected are chosen so that 
(lie current drain is greater than the current provided by the 0-signal 
hill Icmh than the current provided by the 1-signal. With this arrange- 
Mm nl and with an ideal diode for D 6 it is possible to suppress the 0-signal 

.ipletely. If D 0 has a nonzero forward resistance, the suppression will 

mi' i he complete, but an over-all amplification factor which is greater or 

(ban unity for l’s and 0’s, respectively, is readily provided by the 
liuilllmmr diode characteristics. 

'I hr basic circuit for the noncomplementing amplifier is shown in Fig. 
h -''iib). In this case when the clock pulse is negative, current flows 
HuimikIi D n , the output winding, and R 3 to a negative supply potential. 

I In magnitude and direction of this current is such that the core is reset 
in I m I la* absence of an input signal. The connections to the input wind¬ 
ing mn opposite *to those of the previous circuit, with the result that the 
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input signal prevents the setting of the core to 1. The result is that a pulse 
appears on the output line on each half-cycle following the application 
of an input signal. (With this system of circuit logic it may be preferable 
to use the opposite convention with regard to l’s and 0’s but the conven¬ 
tion chosen here is in line with other magnetic core systems in that the 
clock pulse resets the cores to 0.) The supporting components in the non¬ 
complementing amplifier serve substantially the same purposes as in the 
complementing amplifier. One difference arises from the fact that thfl 
polarities of the voltages induced back and forth between the input and 
output windings are reversed. Also, the current through Rn will induce a 
voltage in the input winding, and the polarity of this voltage will ho 
relatively positive at the lower terminal. To prevent a current from 
flowing through the input winding and through the Z) 6 of the amplifier 
supplying the input signal, diode D± is connected to a supply volt ago 
which is a few volts positive. This supply voltage need not be large, 
because the input winding would normally have fewer turns than the 

output winding. J 

Although the clock pulses are shown as square waves in the figure, it 

is not necessary that they have any specific wave form. Sine waves will 

function satisfactorily, and in many applications they can be provided 

more economically. . 1 

The Two-Phase Serial Shifting Circuits in a System of Circuit 

Logic. The logical functions are obtained with the two-phase serial 
shifting circuits much as with the two-phase shifting circuits describe^ 
earlier in the chapter. The two phases in this case are generated by uhI|)| 
two clock pulses, which may be designated by CP\ and CP 2 , where (7/N 
is delayed by one-half of a cycle with respect to CP\. When sine wav<^ 
are used for the clock pulses it is sufficient to obtain the CP 2 pulses by 
reversing the polarity of the CPi pulses. As with the corresponding mnH 
netic core system of logic, alternate cores in a shifting chain are supplltf 

with alternate clock pulse phases. I 

The functions of delay and inversion are obtained directly from till 

noncomplementing and complementing amplifiers, respectively. The lilt 
function can be combined with delay by the simple expedient of using 
extra diodes at the input winding as shown in Fig. 5-25(b). No odrg 
steps of delay are required. When the diodes are connected in or fashion 
at the input to a complementing amplifier as indicated in Fig. : > 2. > < 11 1, 


the function produced is A + B + C. The and function can be gencriitgfl 
by passing the output from a multi-input complementing umpliflaM 
through a second complementing amplifier. Two steps of delay would III 
required. Alternatively, it is possible to place a conventional diode AMI 
circuit between successive stages of magnetic amplifiers, but the and «llfl 
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emit tends to act as a second level of diode switching which, as discussed 
in the chapter on diode switching circuits, poses a more difficult design 
problem, particularly from the standpoint of driving power at high pulse 
repetition rates. 

This form of magnetic core logic has been carried to an advanced 
*!uge of development and is one of the first to see actual service in a 
computing machine. A special-purpose computer built by the Sperry 
Hand Corporation employed magnetic core circuits of this general type, 
and the trade name Ferractor has been given to the individual building 
block elements. The pulse repetition rate was 660 kilocycles. This com¬ 
pany has also reported a similar set of circuits designed to operate at 
a.A megacycles. 

The mechanical design of the magnetic core assembly is an important 
hictor in the success of the high-speed circuits. To reduce the air space 
in Hie core windings the ceramic bobbin usually used with tape-wound 

• ores was replaced by a stainless steel bobbin with a wall thickness as 
mill I as 0.003 inch. The diameter of the cores was only 0.1 inch. For good 

performance it is also important that the individual turns of the windings 
be placed tightly and evenly around the circumference of the core. The 

• Ibelive amplification factor of the circuit is nevertheless strongly de¬ 
pendent upon the frequency of operation. For example, it has been 
h purled that with a 5% tolerance on components and supply voltages, 
a net gain of 45 could be obtained with circuits designed for operation 
•il 100 kilocycles. For circuits designed to operate at 2.5 megacycles the 
m l gain was only 3. These figures should not be interpreted as fixed 
upper limits, because available materials and fabrication techniques 
HiMtin to be constantly improving. 

A System of Circuit Logic Based on Interstage Impedances. Fig. 5- 
'0 shows the basic circuits of a two-phase magnetic core system of cir- 

• nil logic where the distinguishing feature in comparison with other sys- 
!• him in (he development of a voltage across an impedance connected be¬ 
tween successive cores. 

The elementary shifting register is given in Fig. 5-26(a). Clock pulses 

• /'i mid CPs are opposite-phased signals, each having a positive and a 
m gnlivc portion. When CP\ is positive, the current flow through the in- 
pni winding of core Si is in the direction which tends to set this core to 1. 
(Aimin, the opposite convention with regard to l’s and 0’s in the core may 
be used if desired.) The circiut parameters are chosen so that in the ab- 

lien of an input signal the current is of sufficient magnitude to set the 
mie In I, but if a positive input signal is present the flow of current is 
pi evented. Impedance Z\ should be small enough to allow the flow of 
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Fig. 5-26. Basic circuits of a two-phase system of circuit logic based on interstagS 

impedances. 

current from the clock pulse source in the absence of an input signal, bUi 
it should be large enough to prevent excessive loading on the input, line 

when an input signal is present. J 

During the next half-cycle CP 2 becomes positive. At this time the COM 

is reset to 0 by current through Z 2 , D 2 , and the output winding of S\. If 
Si was already at 0, as would be the case when no input signal had been 
applied, the output winding would offer a relatively small impedance' to 
the flow of current, and most of the voltage drop between the CP 2 soun c 
and ground would appear across Z 2 . On the other hand, if Si had been now 
to 1, the flux reversal produced by current from CP 2 would cause Him 
output winding of Si to offer a relatively high impedance to the flow of 
current, with the result that only a small voltage drop would up pouf 
across Z 2 . Since CP 2 is simultaneously applied to the input winding of Ng, 
the input circuit of S 2 functions in the same manner as the input circuit 
of Si except that it is delayed by one-half of a cycle. A brief examination 
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of the operation of successive stages will show that a positive input signal 
at Si will be shifted from one core to the next without inversion. 

Although the circuit appears to be symmetrical with regard to shifting 
to the right or to the left, it can be made directional to the right by correct 
choice of turns ratio and by correct choice of relative amplitude of clock 

pulses on the input and output windings. 

The dual requirements of the interstage coupling impedance are met 
satisfactorily by using a diode and resistor combination as shown in 
Fig. 5-26 (b). In the absence of signals from the clock pulses, a current 
Mows from ground through Di and Ri to a negative supply voltage. The 
impedance between the junction of these two components and ground ap¬ 
pears to be zero when the current drawn from the applied positive signal 
ih less than the current normally passing through R 2 . However, when a 
positive signal of large amplitude is applied, the voltage drop across Ri 
will cause Di to appear in the reverse or high-resistance direction, and 
the impedance will be substantially that of Ri. In view of the fact that 
I he core circuits are functioning as amplifiers the currents in the output 
windings will normally be much greater than the currents in the input 
windings. With this arrangement the relatively small current through 
(lm input winding of S 2 in Fig. 5-26 (b) can flow freely through the non¬ 
linear interstage impedance in the absence of a large positive signal from 
N|j but when the positive portion of CP 2 is not causing a flux reversal in 
,Sj, the large current flowing from this branch of the circuit will create 
llm needed voltage drop across Di. For simplicity of explanation, no dis- 
l m Hi on has been made between the clock pulses supplying the input and 
(hone supplying the output windings of the cores. In practice it is usually 
desirable that the clock pulses supplying the output windings be of 
larger voltage amplitude than the clock pulses supplying the input wind¬ 
ings. 

Another function of Di and Ri is the elimination of the small signals 
obtained when Si in Fig. 5-26 (b) is being changed from 1 to 0 by the 
«ir 1 ion of CP 2 . The relatively small current which flows during this period 
will not be sufficient to bring the D-Ri combination into its high im¬ 
ped 111 me condition. This action prevents the 0-signals from being ampli- 
Ii.mI into Vs as the information is shifted from one core to the next. Note 

I hnl llm duration of the clock pulses is not critical provided the flux re- 
M-i'Mid process is completed. After the flux has been reversed in Si, the 
• iii rcnt through the output winding of this core will increase and cause a 
huge voltage drop across the interstage impedance, but if the flux in S 2 

I I m m been reversed by this time, a malfunctioning of the circuit will not be 
1 mined regardless of the length of additional time that the clock pulse is 

maintained. 
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The or function is obtained with this system of circuit logic through 
the use of the circuit in Fig. 5-26 (c). If either of the input signals A or 
B (or both) is present, the corresponding core will not be set to 1 by 
CP 2 . Then when CP i becomes positive, the low impedance in the corre¬ 
sponding output winding will cause a voltage drop to appear across the 
interstage impedance. The circuit in Fig. 5-26 (d) may be used for gen¬ 
erating the and function. Separate interstage impedances are used. The 
voltages across these impedances are generated by the process described 
before, but in this circuit CP 2 will succeed in setting S 3 to 1 if either (or 
both) of the interstage impedances appears in a low impedance condition. 
For voltages to appear across both of these impedances, signals must be 
applied to both A and B. 

Inversion is obtained with the circuit shown in Fig. 5-26 (e). The clock 
pulse generates an output signal across the interstage impedance on each 
cycle in which an input signal is absent. The flux in the core is reversed 
only on cycles in which a positive input signal is present. Since the cur¬ 
rent through the input winding is the same current that passes through 
the output winding of the previous core (not shown in the figure), thin 
particular circuit has the disadvantage that the clock pulse operating the* 
output circuit of the previous core must not be maintained for a longer 
time than is required to reverse the flux in that core. It is possible to 
avoid this disadvantage by going to a three-phase system, the third phase' 
being used for resetting purposes in the inverters. 

Circuits of this type have been developed at the Westinghouse Corpora¬ 
tion for use in a set of control elements collectively known by the trade 
name of Cypak. The Cypak circuits are intended for the replacement of 
electromagnetic relays in relatively low frequency control applications, 
but the basic circuit concepts are applicable to high-speed electronic 
computers as well. 1 

Flux Logic. In all of the magnetic core systems of circuit logic which 
have been described, the magnetic material was in the shape of a simple 
bar or toroid with a correspondingly simple configuration for the mag 
netic path. It might seem that a novel approach to the problem of obtain¬ 
ing logical functions from magnetic circuits would be to employ morn 
complex magnetic paths of one form or another. Appreciable effort has 
been applied to this subject, but so fai as is known the work has not ad¬ 
vanced beyond the early experimental stages. The term “flux logic” has 
been used to describe circuits and components that involve directing I he 
lines of flux to generate the logical functions. M 

Fig. 5-27 illustrates some of the basic ideas of one approach to the nub 
ject of flux logic. A disc-shaped piece of magnetic material having a 
rectangular hysteresis loop is formed with two holes posit ioned approx I 
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mately as indicated in the figure. Three windings, N i, N 2 , and AT, en¬ 
circle different segments of the core as shown. Current in AT creates an 
minf that can produce flux around paths Pi and P 2 . The mmf created by 
a current in N 2 can cause the flux 
path to be either Pi or P 3 . For small 
currents in N 2 the flux path will fol¬ 
low P 3 because it has less reluctance 
as a result of its shorter circumfer¬ 
ence. However, when the current in 
AT is larger than necessary to satu¬ 
rate the region of the P 3 path, the N \ 
mmf in Pi can become large enough 
1 11 produce flux in this path also. 

Similarly, a small current in AT will 
produce a flux in P 3 only, but a 

liirno current in N a will affect the Fig . 5 . 27 . Illustration of flux logic. 
Mux in P 2 also. 

In one mode of operation the device can be used to gate signals be¬ 
tween the N 2 and AT windings. The gate may be “closed” by passing 
11 1 rough AT a current which is sufficiently large to saturate all of the core 
material with the flux passing along the directions indicated by Pi and 
/V Because of the rectangular nature of the hysteresis loop, the core will 
remain saturated after the current is removed. Now if a relatively small 

• UlTent is passed through AT, there will be a tendency to produce flux 
linen in path P 3 (clockwise or counterclockwise in accordance with the 
direction of current in AT). Since P 3 links AT also, a flux change in P 3 
would induce a voltage in AT, but no flux change will occur in P 3 because 
one Hide or the other of this path will already have been saturated with 
llux in the same direction. One way to “open” the gate would be to pass a 
Inigo lomporary current in AT, with the direction of the current such that 
Hu- direction of flux lines in Pi is reversed. Small alternating currents in 
\ , arc now capable of causing the direction of flux lines in the P 3 path to 
h vi tho back and forth and induce signals in AT. Note that when the gate 
I- open, the direction of flux lines in Pi is opposite to the direction of flux 
linen in P 2 . Since all flux lines must be closed loops and since the flux re¬ 
st i :d process in P 3 disturbs the Pi and P 2 paths, the flux in Pi and P 2 

• mmol remain in its original form. Instead, it is found that the flux lines 
I loin Hi (‘He paths join each other and follow a type of path indicated by 

K 

Ndditional holes in the core and more complex winding patterns can be 
H*ed In form I In* various logical functions in a more complete manner. A 
loi midnblc problem in I lie development of a system of circuit logic based 
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on “flux logic” ideas is the need for driving one logical element by the 
output signals from another without an excessive amount of equipment 
for signal amplification between stages. 

Experimental cores of this category have been offered for sale by the 
Radio Corporation of America under the trade name of Transfluxor. 

AC 

Supply 
Voltage 


E 


(c) 

circuits. 

Ferroresonant Bistable Circuits. The nonlinear properties of magnet ir 

materials can be used to produce a phenomenon called ferroresonance. In 
ferroresonance the hysteresis loop is of no consequence, except that it h 
area should be small in the interests of low power dissipation. The im¬ 
portant factor is that the inductance of a coil containing a magnetic 
material should be high when the currents are small, but at high current* 
the effective inductance should become much less because of saturat ion 
Since a rectangular hysteresis loop is not a requirement, the need for a 
toroid-shaped core with its efficient magnetic flux path is not as great, and 
bar-shaped pieces of magnetic material have been used quite successfully 
in ferroresonant circuits. I 

Two circuits exhibiting ferroresonance are shown in Fig. 5-28. Ideal 
properties for the magnetic material are as illustrated by the heavy linn 
in Fig. 5-28(a), but satisfactory operation can be obtained from material 
having magnetic properties indicated qualitatively by the lighter line In 
the figure. In Fig. 5-28(b) a series ferroresonant circuit is shown. Tint 
operation of the circuit can be understood by considering its response In 
an applied a-c voltage of magnitude E. The frequency of E should hit 
higher than the resonant frequency of llie coil and capacitor combinniioi| 
when the current through the coil is small. As the amplitude of E ih in* 
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Fig. 5-28. Ferroresonant 
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creased from zero, the current I through the series circuit will increase 
linearly as long as the inductance of the coil is constant. However, as 
the current is increased and the effective inductance becomes less because 
of saturation, the resonant frequency of the circuit increases and becomes 
closer to the frequency of E. The current will then increase more rapidly 
Ilian linearly. A further increase in current will bring a further reduction 
in inductance so that if the parameters are chosen properly a discon¬ 
tinuous change to a high-current condition can be obtained. 

Ii the applied voltage is now reduced a moderate amount, the magni¬ 
tude of the current will be diminished, but the circuit will remain in a 
relatively high-current condition. As the applied voltage is decreased 
further, a value will be reached at which the relatively high current is not 
great enough to produce saturation, and at this time the increased in¬ 
ductance will shift the resonant frequency in a manner which will cause 
I lie circuit to return to its initial low-current condition. The possible 
line I illness of the circuit in digital computers arises from the fact that 
when the magnitude of the applied voltage is between the values which 
muse discontinuous changes in current, the circuit can exist in one of two 
uliible states and thereby store a binary digit. 

A parallel version of the ferroresonant circuit is shown in Fig. 5-28 (c). 
The basic considerations for this arrangement are the same as with the 
' 'Ties circuit, except that the high resonant currents flow in the circuit 
Inop formed by the coil and capacitor and not in the circuit to the a-c 
"niirce. At resonance a parallel circuit presents a high impedance. There¬ 
fore, the current drain on the a-c supply drops when the circuit shifts 
min the resonant condition. A series impedance Z is necessary in this 
m <e in order to allow one of two different voltages to exist across the 
mil and capacitor combination. The nature of the required impedance is 
iml critical; it can be resistive, inductive, or capacitive, or it can even 
I'nutuin nonlinear components. 

Mil her form of the ferroresonant circuit may be shifted from one stable 
inlc to the other by any of various means. Probably the most conven- 
1' ul way to induce the resonant condition is to saturate the magnetic mate- 
mil by passing a current through a second winding around the material. 
A Iciuporary reduction of the magnitude of the a-c^supply voltage is 
i lb’clive in returning the circuit to its initial condition. 

Ferroresonant Circuits in Systems of Circuit Logic. There are a 
in ul many kinds of logical circuits that can be designed with the fer- 
i "i • mnant phenomenon as a basis, but there seems to be one fundamental 
illlllrulty with all of them. This difficulty is that the pulse repetition rate 
l"i information signals must be less than the frequency of the a-c supply 
by a substantial factor. By careful and ingenious design it is probably 
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possible to operate the circuits at a rate where the time between succes¬ 
sive information signals corresponds to as few as five cycles of the a-c 
supply, or perhaps even a bit less, but for a conservative reliable design 
it would seem that at least ten cycles would be preferable. Since the in¬ 
terest in magnetic core circuits appears to be concentrated in systems 
where the information rate is equal to the maximum frequency of flux 
reversal in a core, the discussion of ferroresonant logical circuits will be 

limited to two of the more basic approaches to the problem. 


AC 

Supply 

Voltage 


1 Input 
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Fig. 5-29. A ferroresonant flip-flop and shift register. I 

On the other hand, the potential advantages of ferroresonant circuit,* 
for low-frequency applications should not be overlooked. Low power 
consumption can be achieved, and by using windings with a large nuinl 
ber of turns the current requirements can be held to a minimum. Sino#| 
the cores need not be toroidal, it is possible to use more turns on ilia 
windings than is practical when each turn must pass through an opening] 
in the core, and the cost of the windings may be less. Another featur* 
available with ferroresonant circuits is that the status of a bistable clrl 
cuit can be indicated by a d-c signal rather than by a transient pulse n* 
is the case with all of the other magnetic core logical systems which hnv* 

been described. ■ 

A flip-flop type of circuit is shown in Fig. 5-29(a). Core Si and capanl* 

tor Ci form one series ferroresonant circuit, and S 2 and C 2 form anothafj 

Resistor Ri serves to allow only one of the two branches to be in tht 

high current resonant condition at any given time. If external signals »■'« 
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applied which would tend to cause both branches to be shifted to the high 
current condition, the voltage drop in Ui would reduce the a-c voltage 
applied to the circuits to a value insufficient to sustain the resonant effect. 
Also, the circuit parameters can be chosen so that if neither circuit is in 
I he high current condition, the low voltage drop across R\ will allow the 
a-c supply voltage to initiate the resonance effect in one or the other of 
I lie two branches. The N\ windings on each core are intended to be the 
main nonlinear element for producing ferroresonance. The N 2 windings 
arc not necessary, but they provide for improved operation. If Si, for 
example, is in the high current condition, the phase of the induced volt¬ 
age at N 2 is such that it opposes the flow of current in the S 2 branch of 
the circuit, and the a-c voltage appearing across C 2 is thereby reduced to 
a small value. When the circuit is in this status, a d-c output signal can 
be obtained by using diode Di to rectify the a-c voltage appearing across 
with C 3 used as an elementary filter. 

The circuit can be carried into its other state of equilibrium by passing 
u current through the N 3 winding of S 2 . The magnitude of the current 
should be sufficient to bring this core to saturation. The lowered in¬ 
ductance at Ni forces this core into the high current condition, and the 
increased voltage drop across R\ causes the Si branch to be returned to 
the low current condition. The input circuits, which on the S 2 branch 
consist of Z) 4 , # 3 , and C«, allow the flip-flop to be responsive to negative 
Input pulses only, and they also help provide a filtering action to isolate 
a c voltages induced in the Ns windings from the source of input pulses. 

The flip-flop in Fig. 5-29 (a) can, in principle at least, be employed in 
«y*lems of circuit logic which are similar to the corresponding systems 
with vacuum tubes. Alternatively, extra windings can be placed on the 
cores to obtain or and inhibiting functions that are analogous to the 
schemes previously described for the various core shifting circuits. 

A ferroresonant shifting circuit which is somewhat different is illus- 
Inited in Fig. 5-29(b). In this arrangement the ferroresonant circuits are 
basically of the parallel type, Si and C i constituting one circuit and S 2 
mid (>2 another. Capacitive load impedances, C 6 and C 7 , have been in- 
ilimited in this case. Each core contains two pieces of magnetic material. 
I Iip ;V| windings are connected in series to provide the nonlinear induc- 
11 vr element. The N 2 windings are also connected in series, but the po¬ 
larity of the connections to one of them is reversed. In this way the net 
Induced voltage in the N 2 windings from the a-c current is zero if the 
mhph arc accurately matched. The fabrication of the cores can be sim¬ 
plified somewhat by designing the structure so that one of the two wind¬ 
ings encompasses both pieces of magnetic material. Although either con¬ 
vention may be used, it will be assumed here that a binary 0 is repre- 
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sented by a circuit in the condition where a small current is circulating 
in the parallel loop, and a 1 is represented by a circuit in the resonant 
condition. The amplitude of the voltage swing at the upper terminal of 
the parallel resonant circuit will be small or large according as a 0 or a 
1 , respectively, is being stored. 

To shift the binary digits one position to the right in Fig. 5-29 (b) a 
negative shift pulse is applied to the shift input line as indicated. In the 
absence of a shift pulse, the potential of this line is maintained more 
positive than the peak excursion of the parallel resonant circuits even 
when l’s are being stored, so that the voltage across diode D x (and 
across the corresponding diodes in the other bistable circuits) is in the 
reverse or high-resistance direction. If, for example, Si contains a 1 at 
the time a negative shift pulse is applied, C 4 will receive current through 
Di during those parts of the cycle of the a-c supply voltage when the 
potential at the terminal of the parallel resonant circuit is positive. Re¬ 
sistor Ri limits the charging current to a value that does not produce 
excessive loading. The loading is nevertheless sufficient to reduce the 
applied voltage on the Si circuit and thereby restore the circuit to its 0 
state. Similarly, C 3 receives a charge from the previous ferroresonant 
circuit if it contained a 1 , and C 5 receives its signal from the S 2 circuit, 
These capacitors are connected to the N 2 windings of their respective 
cores, but because of the inductance in the windings the current in them 
does not reach appreciable proportions until after the shift pulse hai 
been terminated. In the case where Si contains a 1 initially, the subsoil 
quent current in the N 2 winding of S 2 will saturate the magnetic mateiial 
in that core and cause the corresponding ferroresonant circuit to be hH 
to 1. Note that the current in the two halves of the N 2 winding may bf 
in either direction for bringing the respective pieces of magnetic material 
into saturation. The shift pulse therefore has the effect of resetting all cir¬ 
cuits to 0, the information being transferred temporarily to a set of Oil 
pacitors, and at the termination of the shift pulse the information is m 
turned to the ferroresonant circuits but is shifted one position to thl 


right. j . 

The shifting circuit in Fig. 5-29 (b) can be used as a basis for a system 

of circuit logic much as in the other shifting circuits. The similarity m 

that the or and inhibiting functions are generated directly from the oiN 


cuits, the and function being formed by a combination of the first two, 
Storage is obtained by a feedback path from the output of a gi\en fer« 
roresonant circuit to its input. As with most of the other circuits, thcWj 
arc several different variations in the ways by which the basic login.I 


functions can be accomplished. One variation for the or function, fop 
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example, is to use a separate diode and resistor (corresponding to Di and 
ft, in the figure) for each input signal to be combined when shifting from 
one level of circuits to the next. Only one input winding and capacitor is 
needed for each core. 

Since input current in either direction will be capable of saturating a 
core, it is not possible to obtain an inhibiting action in a reliable manner 
through the technique of using opposing currents as was described for 
the other core systems. However, the a-c nature of the circuits makes a 
different technique possible. By using two ferroresonant circuits in a pair 
in a manner analogous to the circuit shown in Fig. 5-29(a) but with 
clock pulses to reset them both to 0 as illustrated in Fig. 5-29(b), the 
determination of which circuit will change to the 1 state at the termina- 
I ion of the shift pulse can be made a sensitive function of the bias cur¬ 
rents or voltages applied to the individual circuits. If the bias parameters 
lire so chosen that a certain circuit in a given pair will change to the 1 
It iite except when an input signal is applied to the opposite circuit, the 
output signal will be the inverse of the input signal. A slight extension 
of this concept is needed to obtain an inhibiting action. The output signal 
in taken from the circuit in the pair which remains at 0 at the termina- 
tion of the shift pulse when no input signals are applied. The signal to 
be inhibited, A , is applied to this circuit to override the bias conditions 
and set it to 1 in the absence of the inhibiting signal, B. The B signal is 
applied to the input of the opposite circuit where the number of turns on 
I lus input windings and other parameters is so adjusted that ft, together 
with the bias conditions, is capable of overriding the effects of the A 

1 p.nul. The output from the circuit to which A is applied is therefore Aft. 
rim output signal from the opposite circuit represents the inverse of this 

function, that is, A + ft. 

(Commercial versions of ferroresonant logical cricuits have appeared at 
\ urinus times. Some of the units manufactured by Beckman Instruments, 
|no., known by the trade name of Ferristors, are of the ferroresonant 

type. 
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Chapter 6 


LARGE CAPACITY STORAGE 
NON-MAGNETIC DEVICES 


()ne of the fundamental requirements in the design of digital computers 
in the ability to store large amounts of digital information. It is possible 
lo provide this storage by using an appropriately large number of flip- 
llops or other units composed of logical elements, and flip-flops have in 
fact been used in some successful machines. The ENIAC, which was 
completed at the Moore School of Engineering and publicly described in 
I1M6, and IBM's type 604, which was first announced in 1948, are two 
mil standing examples. However, the storage capacity of each of these 
machines was extremely modest in comparison with almost any later 
computer that might be mentioned. As was discussed in Chapter 1, several 
different types of components specifically intended for digital storage 
!'uvc been developed which are superior to the “logical” storage elements 
in large-capacity applications, particularly from the standpoints of cost 
and power consumption. 

The real problem in devising a large-capacity storage system is not so 
much in the storage elements themselves as in providing means to gain 
uecesH to any specified individual storage element for the purpose of 
Henning its status or setting its status. Logical elements assembled into 
nmlrix switches can be used for access control, and they are used to a 
hmded extent. When using matrix switches for each and every storage 
• lenient in a large-capacity system, the complexity and cost of the access 
(limits can easily outweigh the complexity and cost of the storage ele- 
im nlii themselves. In each of the storage systems which have been devised 
•hen* is a sort of built-in access mechanism that is an integral part of 
Mm storage scheme. This built-in access mechanism distinguishes the 
luigo-capacity systems from those composed of a multiplicity of binary 
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storage elements like flip-flops where it is necessary to rely entirely on 
matrix switches for access. 

The major types of large-capacity storage systems which have been 
invented can be divided roughly into four categories. 

(1) The electrostatic potential on the insulating surface of a cathode 
ray tube face is employed as the storage mechanism, and the deflection 
of the electron beam is the access mechanism. 

(2) A pulse or the absence of a pulse traveling along a delay line 
(transmission line) is used for storage, and time is used for access con¬ 
trol. 

(3) Magnetized spots on a magnetic surface are utilized for storage, 
and access to the individual spots is gained by physical positioning of 
the surface. 

(4) A toroid-shaped piece of magnetic material serves as the storage 
element, and a “coincident current” scheme provides access. 

With each of these four categories of storage systems there is a prac¬ 
tical limit to the number of storage elements to which the built-in access 
mechanism can apply. Therefore, in a computer it is necessary to sub¬ 
divide the storage unit and gain access to the subdivisions by means of 
matrices composed of logical elements and then arrive at the individual 
storage elements through one of the access means just mentioned. I 

In this chapter the more important types of storage systems in tho 
first two categories will be described along with a few others that arc 
of interest or of potential importance. Some of the advantages and dis¬ 
advantages of each system will be pointed out. Separate chapters arc 
devoted to storage on a magnetic surface and magnetic core storage be¬ 
cause of the importance and wide usage of these schemes. ,1 

Electrostatic Storage. Storage schemes wherein the storage mechanism 
is obtained through the potential on an insulating surface are collectively 
referred to as “electrostatic storage.” At one period in the developmen! 
of digital computers, electrostatic storage was the object of a greal 
amount of inventive and development effort because it appeared to offer 
the fastest storage system possible. After the appearance of magnet-id 
core storage the interest in electrostatic storage diminished greatly bi- 
cause of several aspects in which cores are greatly superior to electro 
static tubes. Nevertheless, electrostatic storage did play an important 
role in computer development, and many important computers were 

built that employed this form of storage. 

Because of the historical importance of electrostatic storage, Rome «•( 
the more outstanding types of electrostatic tubes will be described briellv 
even though, so far as is known, no computer currently under develop 
ment will employ storage of this category. There is, of course, tho powili 


Large Capacity Storage: Non-Magnetic Devices 265 

bility that future developments will bring a renewed interest to electro¬ 
static storage, but even this does not seem particularly likely. Among 
the more important forms of electrostatic storage are the “Williams 
tube,” the “barrier-grid tube,” the “holding-gun tube,” and the Selectron, 

(, ach of which has at one time or another been successfully used in a 
digital computer. 
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Fig. 6 -1. Williams tube storage. 

The Williams Tube. The Williams tube is named after F. C. Williams 
nr (.lie University of Manchester in England, who first described the 
""heme publicly. In principle, the Williams tube is a cathode ray tube of 
•I"' Nlira ° type employed in ordinary cathode ray oscillographs or in tele¬ 
vision sets. In fact, it was the original intention that certain varieties of 
existing tubes be used for storage service, and in some cases this was done. 

However, as will be explained shortly, several modifications in tube design 
ure needed for best performance. 

Tho storage mechanism in a Williams tube can be understood by first 
considering the result of some simple experiments. Consider a cathode 
my tube with a pickup screen or plate mounted near the face of the tube 
Iml externally to it as indicated schematically in Fig. 6-1 (a). Assume 
lh»l the electrode and deflection plate potentials are appropriately set 
(or (he electron beam to be focused at some spot on the face of the tube 
iHirii the control grid is “turned on,” or “unblanked.” When an unblank 
pulse of a few microseconds’ duration is applied to the control grid, the 
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electron beam will strike the target and induce a pulse on the exterior 
pickup plate. For purposes of explanation this first pulse may be disre¬ 
garded, but when the beam is unblanked the second time the pulse ob¬ 
tained will be negative in polarity. Now if the deflection plate potentials 
are altered slightly and the tube is unblanked again, the beam can be 
caused to strike slightly to one side of the original spot. The pulse gen¬ 
erated at this time may be disregarded also. When the beam is again 
aimed at the original spot and the tube is unblanked, the output pulse 
obtained from the pickup plate will then be of positive polarity. Further 
experiments of this type will show that the polarity of the output pulse 
is dependent on whether the beam was last aimed at the spot itself or at 
some region very nearby. In other words the system “remembers” the 
conditions which were last applied to it, which makes it capable of stor¬ 
ing one binary bit of information. When the beam is deflected to some 
spot relatively far away on the face of the tube there is only a sliglil 
effect on the first spot. Therefore, a second binary bit can be stored at 
this relatively remote spot on the cathode ray tube face. The usefulness 
of the system comes, of course, from the fact that it is possible to store 
a great many bits (of the order of 1000) in a single cathode ray tube. 

The explanation of the phenomenon outlined in the previous para¬ 
graph has been the object of a great amount of discussion, and it is not 
certain that all of the fine points have yet been settled to everyone's 
satisfaction. Nevertheless, the basic factors affecting the storage media 
nism are well established and are fairly simple. The electrons from the 
electron gun of the cathode ray tube are caused to strike the electrostatic 
surface with a fairly high energy (1000 to 2000 electron volts) and a I 
this energy the secondary emission ratio of the surface is greater than I 
That is, for each electron striking the surface, more than one electron in 
knocked out of the surface to be returned to one of the electrodes in I la- 
tube. In the cathode ray tubes which are specially designed for storage 
applications, a conductive coating inside the bulb is used to collect tlicao 
secondary electrons, and the external connection to this coating is nmdtt 
by means of a metallic “button” in the glass. Since the secondary chum 
sion ratio is greater than 1, there will be a depletion of electrons on Ilia 
electrostatic surface in the small area where the electron beam is slrlK 
ing, with the result that this area on the surface will become positively 
charged. Some of the slow secondary electrons do not return to (lie lube 
electrodes or the conductive coating but are “splashed” to adjacent ureas, 
where a small surplus of electrons accumulates. fl 

The potential distribution in the region where the beam strikes is I hen 
as indicated in Fig. 6-1 (b). In the graph, positive potential is plotted In 
the downward direction to indicate a depiction in the number of elec 
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trons. The process of generating this potential distribution is frequently 
called “digging a potential well.” If the beam is turned off temporarily, 
t here will be no immediate change in the potential distribution because 
(lie surface is composed of an insulating material. However, there will 
no longer be any electrons, either primaries or secondaries, in the space 
inside the cathode ray tube. When the beam is turned on a second time, 
(lie potential distribution on the face of the tube will still be unchanged, 
but the existence of primary and secondary electrons in the tube space 
will be established again. This electron “cloud” as it is formed again will 
cause a negative pulse to be induced in the electrode exterior to the tube 
face because of capacitive coupling. The action may be visualized by 
comparison with the action of a capacitor when a negative electric charge 
im suddenly brought to one of the plates. Because of electrostatic repul¬ 
sion of like charges, the electrons are repelled away from the opposite 
plate of the capacitor and appear as a negative pulse on any electrical 
connection made to the plate. 

In the case where the beam had been striking a neighboring spot, some 
of Hie secondary electrons from the “well” dug at this neighboring spot 
would have fallen in the “well” at the original spot and caused it to be 
cl least partially filled. If the beam is applied to this neighboring spot 
long enough, the potential at the original spot may even become negative. 
The potential distribution may then appear approximately as indicated 
m Fig. 6-1 (c). In any event, when the electron beam is aimed at the 
original spot and turned on after striking a neighboring spot for a few 
microseconds, the “well” will be dug again, and there will be a shift in 
potential of the spot in a positive direction. This shift in potential of a 
miiii 11 region on the electrostatic surface is sufficient to override the ef- 
IccIh of the electron cloud, with the result that a positive pulse appears 
on I lie exterior electrode because of the same kind of capacitive coupling. 

Fig. 6-1 (d) shows the qualitative form of the output pulse on the ex¬ 
terior electrode under the two sets of conditions. The first portion of the 
* U'linl, which is obtained during the fraction of a microsecond that the 
I mum is being turned on, is the portion which is useful in determining 
wlie! her a 0 or a 1 had been stored at the spot. The usual convention is 
llini a potential “well” as indicated by a negative-going pulse is used to 
•lore n () and that a filled “well” identified by a positive-going pulse 
eiirrenponds to a 1. 

I he voltage amplitude of the output pulse as it appears on the external 
electrode depends on several different parameters in the system. Some 
nl I he more important parameters are electron beam current, spot size, 
Mini llie capacity of the external electrode together with the circuits con- 
Heetod to it. Amplitudes of 0.5 to 1.0 millivolts are typical in practical 
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applications, which means that a fairly good amplifier is required to 
bring the signal to a usable level. The polarity of the pulse may be 
determined by a “sampling” technique a fixed amount of time after the 
beam is turned on for sensing. 

When sensing a spot to determine whether a 0 or a 1 has been stored, 
the spot is always left in the 0 state because of the action of the electron 
beam. Therefore, when using Williams tube storage it is necessary to 
provide for the regeneration of l’s if it is desired to retain the stored 
information in the tube. Since it is not known in advance whether a 0 
or a 1 will be found, it is generally a requirement that sufficient time be 
allowed to regenerate a 1 in case a 1 is encountered. The cycle of events 
when sensing information stored in Williams tubes then turns out to be 
as follows: (1) The beam is aimed at the desired spot by applying the 
proper potentials on the deflection plates. (2) The beam is turned on to 
sense the spot. (3) A decision is made with regard to whether a 0 or a 1 
is stored. (4) If a 1 was found, the beam is shifted slightly to one side, 
and the beam is turned on again to regenerate the 1. In practice the 
times required for these four steps may be approximately 3.0, 1.0, 0.5, 
and 3.5 microseconds, respectively, for a total time of 8 microseconds per 
bit in each storage tube. Special requirements may alter these times con¬ 
siderably. For recording new information, the same cycle is usually used 
except that the second step has the purpose of resetting the spot to 0, and 
the third step is not really needed because it is known from other soureeH 
whether a 0 or a 1 is to be stored. f 

Because the insulating material on the face of the cathode ray tube in 
not perfect, the charge pattern will eventually be destroyed and the in¬ 
formation lost. For this reason it is necessary to regenerate the stored 
information periodically. The regeneration process is exactly the same 
as the process for sensing and restoring a bit. When using this form of 
storage certain cycles, perhaps every third one, must be set aside for 
regeneration. In a computer a special counter is needed to keep track of 
the spots for regeneration, and on each regeneration cycle one spot on 
each tube is sensed and regenerated. The spots are selected in sequonm 
for regeneration on successive regeneration cycles. The computer does not 
have access to the storage system during these cycles. When the com 
puter is idling, the regeneration process must continue if the stored in 
formation is to be retained. M 

A need for an increased frequency of regeneration arises when I lie 
computer happens to call one spot into play a large number of times m 
succession. Some of the secondary electrons splashed from the spot (ravel 
an appreciable distance before falling back to the surface again, and 
they will tend to fill the “wells” and change 0’s to l’s. The effect in 1110-1 
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pronounced, of course, for two storage spots that are close together. The 
number of times that a given storage spot can be used before destroying 
the information in some other storage spot, usually the closest one, is 
i idled the read-around or “count-down” ratio. A high count-down ratio 
is desirable, but to achieve a high count-down ratio it is clearly neces¬ 
sary to make a compromise with the storage capacity of the tube. For 
1000 bits of storage on one tube, ratios of 300 to 500 or higher under 
lavorable circumstances have been obtained. As the storage capacity of 
a tube is increased, the problem of count-down ratio becomes severe very 
rapidly because the storage spots must be closer together and because 
I lie fact that a given spot must wait longer for its turn at regeneration 

has the effect of increasing the count-down ratio required for a given 
over-all computer speed. 

As might be expected, a great many variations in Williams tube opera- 
I ion have been devised. For example, the “well” may be filled by defo- 
ciising the electron beam without altering its position instead of by 
shifting it to one side. This scheme is called the “focus-defocus” storage 
method. Also, it is possible to achieve storage when the rolls of the fo¬ 
cused and defocused beams are interchanged to form a “defocus-focus” 
system. A minor but common variation is simply to slide the position of 
I he beam to one side slightly when filling the “well” for recording a 1. 
Slid another method is to cause the beam to traverse a small circle about 
the storage spot. Each variation has its own set of subtle advantages and 
disadvantages, usually relating to cost of circuits, sensitivity of the beam 

In defects on the face of the tube, amplitude of signal output, and read- 
around ratio. 

In the design of a cathode ray tube adapted to digital storage there 
arc two important requirements which are not encountered in ordinary 
iMicilloscope applications, at least not to the same degree. One require¬ 
ment, is the need for a very small beam diameter at all points on the 
•dorage surface; large or diffuse beams cause too much interaction be¬ 
tween storage spots with a resulting poor read-around ratio for a given 
number of bits stored in the tube. The other requirement has to do with 
blemishes on the electrostatic surface. The achieving of a small beam 
diameter is a formidable problem involving many parameters in tube 
dci'ign and necessitating many compromises. Deflection defocusing is one 
of the more troublesome phenomena. 

To obtain a sharply focused beam at the comers of the array of stor- 
"Pots with the same focusing potentials used for the center of the 
unity it is necessary to employ a large distance between the electron gun 
and (he face of the cathode ray tube. This large distance makes a nar¬ 
row beam difficult to achieve at any point on the tube face because of 
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the repelling forces among the electrons as they travel through the space; 
also, the large over-all dimensions of the tube are objectionable. Some 
improvement can be obtained by an appropriately curved face, but then 
the elliptical shape of the spot becomes as troublesome as the defocusing 
action, and the settling of the fluorescent material on the face becomes 
a difficult problem in tube fabrication. 

Another crucial compromise that has to be made concerns the size of 
the aperture at the cathode in the electron gun. Since the spot on the 
tube face is the image of this aperture as formed by the electron lens in 
the gun, the aperture must be small to obtain a small spot. Then, for a 
given beam current, a large current per unit area is required from the 
cathode surface. With a very small aperture it is difficult to provide the 
required current per unit area even with the best oxide-coated cathodes 
available. As the cathode deteriorates during the life of the tube, a con¬ 
dition is reached where the current cannot be supplied; therefore, the 
compromise is between a small spot and long tube life. The dimensions 
of the various parts of the electron gun and lens and also the dimensions, 
shape, and spacing of the deflection plates require close attention in at¬ 
taining optimum tube design for digital storage applications. 

With regard to blemishes on the electrostatic surface, the slightest 
imperfection in the surface can create an apparently drastic variation 
in the secondary emission ratio at the site of the blemish, with the result 
that storage at this point becomes impossible in a practical sense. This 
topic was the object of a great amount of study and investigation during 
one period in the development of Williams storage tubes. Eventually it 
was learned that with meticulous care, particularly with regard to dust 
and other foreign particles, it was possible to produce tubes which w tit 
substantially free from blemishes. Incidentally, when small beam diam¬ 
eters are achieved in the interest of large storage capacity, the blemish 

difficulty is more acute. w 

In spite of the long list of problems and undesirable features refilled 

to Williams tubes it should be remembered that before the development 
of magnetic cores it was probably the outstanding and most widely us§4 
type of storage in high-speed computers because of its fast-access prop¬ 
erties and its relatively low cost. Also, through proper attention to demim 
parameters and maintenance, highly satisfactory operation from a slum! 
point of reliability has been realized in many installations. J 

A significant advantage of Williams tube storage is that the machine 
attendant or serviceman can see what is stored. Although ordinary glnflfl 
can be used as the storage surface, it happens that some of the phospfioi* 
used in oscillograph tubes provide somewhat better secondary onimumii 
characteristics. With the phosphor a 0 then appears as a fine dot, and a 
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1 appears as a brighter dot or a dash according to the particular varia- 
fion of storage mechanism in use. The continuous regeneration of all of the 
storage spots maintains the visual pattern of the tube face. To see the 
spots, it is of course necessary to use a transparent external electrode 
on the face of the cathode ray tube. Since the current to this electrode is 
very small, a transparent but conducting film on a piece of glass will 
serve as the electrode, or an ordinary piece of wire mesh can be used. 

A feature of the regeneration process is the elimination of the need for 
precise long-term stability in the deflection voltages. If the average value 
of the potentials on the deflection plates drift over a period of time, the 
position of the array of spots will drift over the tube face, but the infor¬ 
mation will not be lost because each spot is regenerated periodically. It 
is required only that the shift in potential between regenerations be 
small enough to allow correct sensing of the spots from one time to the 

next. 

Tube type 6571, which is manufactured by RCA and perhaps other 
corporations, represents one tube design that is specifically intended for 
Williams tube storage applications. 

Harrier-Grid Storage Tubes. An alternative method of creating a 
charge pattern on the face of a cathode ray tube for information storage 
in lo apply a pulse on the external pickup plate when recording a 1. By 
I his means, the equilibrium conditions on the electrostatic surface are 
altered, and if the electron beam is turned off before the termination of 
I lie external pulse, the potential at the spot struck by the beam will be 
• Iliferent from the case where no pulse to the pickup plate had been ap¬ 
plied. The sensing of the spot to determine whether a 0 or a 1 had been 
- lured is accomplished, in principle, by the same technique as in Williams 
lubes. Because the “splashing” of the secondary electrons to fill a poten- 
I in I “well” is not needed for this method of storage, it becomes desirable 
hi eliminate the splashing as much as possible in the'interest of a high 
i«• m I -around ratio. A special grid, called a “barrier grid” is placed directly 
m front of the storage surface to minimize the number of secondary elec- 
Iinns which return to the surface and spoil the charge pattern. 

For various reasons related to the fabrication and assembly of the 
bin'Tier-grid structure, the design of the target end of the storage tube 
must be quite different from that used in ordinary cathode ray tubes. 
Fur one thing, the electrode which plays the role of the external pickup 
plain is mounted as an integral part of the target assembly inside the 
Mils Since this electrode is used in both the writing and reading process, 
li will be called the “hackplate” in the explanation below. It is not clear 
why “barrier-grid storage” evolved as the term used to identify this pnr- 
liculur storage mechanism. All hough the barrier grid improves perform- 
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ance by a large measure, it is not essential, and storage can be achieved 
without it. “Backplate-modulation storage” would be a more descriptive 
term. 

A better understanding of the barrier-grid storage mechanism can be 
obtained by referring to Fig. 6-2(a). The electron gun in the tube en¬ 
velope can be the same as used in a Williams storage tube; in fact, most 
of the design parameters related to small electron beam diameter, mini- 




(b) (c) 


Fig. 6-2. Barrier-grid storage. 


mum deflection defocusing, etc., apply to both forms of storage to I hr 
same degree. The cathode of the electron gun is connected to a potent in I 
of approximately —2000 volts so that the electrons strike the elect m 
static storage surface with approximately 2000 electron volts of energy, 
and at this energy the secondary emission ratio is greater than 1. Before 
striking the storage surface the electrons pass through the collector grid 
and the barrier grids. Both of these grids are made of very fine wire 
(0.001 inch or less in diameter) and with spacings of approximately .toil 
wires per inch in each of two mutually perpendicular directions. Tlif 
barrier grid is mounted in contact with the storage surface and in el'IVel, 
divides it into a multitude of square-shaped insulated patches, ('on 
ceivably, each little square could be used for the storage of an hull* 
vidual bit, but no attempt is made to do this because of the ext mill 
requirements which would be placed on the electron beam dimmh r 
and on the accuracy of the beam deflection system. Instead, the elec! mil 
beam falls on several of these small squares at a time for the storage o| 
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one bit of information. Of course, both the collector grid and the barrier 
grid intercept some of the electrons in the beam, but by using fine wire 
in the grids the undesirable effects can be minimized. In order to prevent 
undue masking of the holes in the barrier grid by the wires of the collec¬ 
tor grid, the two grids are constructed with the wires of one at a 45° 
angle with respect to the other. The spacing between the two grids may be 
about 0.01 inch. The storage surface is usually mica, which has good insu¬ 
la! ing properties and can be obtained in thin, mechanically strong sheets. 
I'lie backplate is a film of metal evaporated on the back side of the mica 
surface. Connections to the two grids and the backplate are made through 
leads (not shown in the figure) through the tube envelope. 

hi operation, the collector and barrier grids are connected to potentials 
"I approximately +250 volts and ground, respectively. By this means a 
Uniform electrostatic field is established in front of the storage surface, 
no that substantially all secondary electrons knocked out of the storage 
«m face by the main beam will be compelled to travel to the collector 
K"d where they are collected and removed from the tube. The reason 
why the barrier grid is mounted in contact with the storage surface is to 
make the collection of the secondaries as efficient as possible. 

W hen the primary electron beam strikes the storage surface, that por- 
tlon of the storage surface exposed to the beam tends to become more 
positively charged because more electrons leave than arrive as a result 
of the secondary emission ratio being greater than 1. As the potential of 
•h" H P°t becomes more positive, there will be less tendency for the sec¬ 
ondary electrons to be attracted toward the collector, and there will be 
a Held causing some of the secondaries to return to the spot being bom¬ 
barded. The two opposing actions will cause an equilibrium potential to 

<' Mt <ibhshed. The value of this equilibrium potential is rather difficult 
lo ascertain with accuracy, but it is likely to be only slightly more posi¬ 
tive than the barrier grid, which is at ground potential; however, the 
einel, potential is of no real consequence in the storage process. It may 
I" assumed that the backplate has been connected to ground. Then when 
Hie beam is turned off, the spot will be left at some potential independ¬ 
ent ol the potentials at other points on the storage surface. 

If 80me Potential other than ground, say -100 volts, is applied to the 
"'el'Plate during the time that the beam is turned on, the conditions 
"""cling equilibrium will be different. There will be an additional re¬ 
pelling force to both the primary and secondary electrons because of the 
lie,-alive electrons in the backplate. To counteract this force there must 
lie a positive charge, or a deficiency of electrons, on the spot being bom- 
hai-|e.l. The potential of the spot at this point in tho process may be the 
•ante as before, but it is established when there is more positivo charge 



























274 Digital Computer Components and Circuits 

(fewer electrons) on the storage surface because of the presence of the 
negative charge on the nearby backplate. 

The procedure for storage is to turn off the electron beam and subse¬ 
quently remove the potential from the backplate. In this way the spot 
which had been under bombardment by the electron beam will be left 
charged at a more positive potential than when the backplate had been 
left at ground potential. A relatively positively charged spot can be used 
to represent the storage of a 1, while a relatively uncharged spot signifies 
a 0. Of course, the opposite convention could be used equally well, and 
also it would be possible to employ a positive instead of a negative po¬ 
tential on the backplate while writing. 

The sensing of the stored bit of information is accomplished by aiming 
the beam at the spot and turning it on for a period of about 1 microsec¬ 
ond. If a 1 has been stored, the potential of the spot will change rapidly 
from its relatively positive state to the equilibrium value. The accumu¬ 
lation of electrons which occurs at this time will repel electrons away 
from the backplate and cause a negative pulse to appear on any circuit 
connected to it. If a 0 has been stored, there would be no change in spot- 
potential and therefore no output pulse. Note that the “electron cloud” 
is not as important in the barrier-grid tube as in the Williams tube be¬ 
cause nearly all secondary electrons, even the low-energy ones, are 
quickly removed by the field between the collector and barrier grids. 

One of the more severe practical problems encountered in the design 
of a barrier-grid digital storage system arises from the need to isolate the 
high-gain reading amplifier from the large pulse applied to the backplate 
when writing Ts. While the amplifier may not be damaged by the large 
pulse, it may be rendered insensitive to the small output signals for a 
substantial length of time. To get around the problem, the output signal 
is usually obtained from the barrier grid instead of the backplate; the 
two electrodes are capacitively coupled to the storage spot in substan 
tially the same way. It is then possible by means of special circuits In 
apply a large pulse to the backplate for writing and at the same time 
hold the barrier grid near ground potential. Another factor which must 
be observed in the design of a circuit to be used with the tube is the large 
capacity which exists between the barrier grid and the backplato. It 
would be undesirable to require that this capacity be charged by I he 
signal which is developed during the sensing of a bit of information, and 
therefore the circuits are designed to allow the potentials of both In 
swing together while reading. 

The outstanding advantage of barrier-grid storage in comparison willi 
Williams tubes is that a larger number of information bits can be stored 
in a single tube. The storage spots can be closer together on the Murfitr# 
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because of the more efficient removal of secondary electrons and because 

the need for filling a potential “well” from an adjacent area has been 
eliminated. 

A further improvement in operation can be obtained by using the cy¬ 
cling scheme as indicated in Fig. 6-2(b) and (c). For sensing and rewrit¬ 
ing a 0 it would be sufficient to turn the beam on and then turn it off 
again. However, when continuously sensing 0’s, stray electrons will tend 
to reset l’s stored in the tube to 0’s. To help counteract this effect the 
timing shown in Fig. 6-2 (b) may be used. The bit is sensed during A 
lime. During B time the beam is left on and the backplate pulse is ap¬ 
plied. When the backplate pulse is on, stray electrons will tend to cause 
storage spots to drift toward the potential corresponding to 1. The spot 
m question will be forcefully set to 1, but then during C time, when the 
backplate pulse is removed and the beam is still on, it will be set to 0 
agnin. The durations of the A, B, and C periods are so chosen that the 
net. effect on other spots is as small as possible. The scheme for sensing 
and rewriting a 1 is shown in Fig. 6-2 (c). No change in the basic scheme 
ih required except that the duration of the A' and B' periods must be 
chosen for minimum net effect on neighboring spots. Through using these 
nli ns the storage of 10,000 bits in a single tube has been achieved where 
H was possible to refer to any given spot 100 times before requiring that 
an adjacent spot be regenerated. 

'I he principal disadvantage of the barrier-grid storage when compared 
sv, !b Williams tubes is the relatively high manufacturing cost of the 
lubes. The saving in cost from the use of fewer tubes and associated cir- 
emls could probably outweigh this disadvantage, but only if the barrier- 
im id tubes are produced in reasonably large quantities, which does not 
»’«'i ni likely now in view of the interest in magnetic cores. At least one 
complete machine employing barrier-grid storage was built by IBM. 

Holding-Gun Tube. Both the Williams tube and barrier-grid tube 


i"|uiro that the storage spots be regenerated several times each second 
because of ohmic leakage on the storage surface. The major feature of 
Hi* holding-gun tube is the elimination of this need for regeneration. 
I hr bits of information are retained indefinitely by using a second elec- 
io»n gun, called the “holding gun.” Although the mechanism for writing 
*md rending in the holding-gun tube is substantially the same as em¬ 
ployed in the barrier-grid tube, the holding action makes use of a differ- 
hiI phenomenon that can be obtained with secondary emission. 

Ah indicated in Fig. 6-3(a), the holding gun is mounted to one side of 
I he main electron gun used for writing and reading, and instead of focus¬ 
ing the eleotrons on a single storage spot the holding gun sprays the 
• hi lie storage area. The cathode of the holding gun is connected to a 
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negative potential of approximately —100 volts so that the electrons pass 
through the collector grid with about 100 electron volts of energy. The 
effect of these electrons on the storage surface can be understood by re¬ 
ferring to Fig. 6-3 (b), where a qualitative graph of secondary emission 
ratio as a function of electron energy is shown. At low energies the ratio 
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Fig. 6-3. Holding gun storage tube. 

is less than 1, but as the energy is increased, the ratio increases to n 
maximum of 2 or more, and then at very high energies the ratio fall* 
off again. With the material selected for the storage surface, the 100-volt 
and 2000-volt points on the graph are both at energies where the ratio 
is greater than 1. If a region on the electrostatic storage surface happens 
to be at ground potential, the 100-volt electrons from the holding gun 
will strike the surface with 100 electron volts of energy after passing 
through the collector grid. Since the secondary emission ratio is gmilu 
than 1 at this energy, more electrons will be emitted from the surface 
than arrive, and therefore the potential of the surface will tend to ri«e 
The rise in potential will not be great, however, because when the pn 
tential of the surface is more positive than the potential of the col led m 
grid, which is at ground, the secondary electrons will be attracted I nick 
to the storage surface. In other words, the potential of Ibis region of tlm 
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storage surface will reach an equilibrium value that is slightly more posi¬ 
tive than ground potential. 

If the initial value of the potential of the region on the surface hap¬ 
pened to be at approximately -100 volts instead of ground, a different 
set of conditions would exist. In this case the electrons from the holding 
gun would be slowed down in the space between the collector grid and 
the surface, and they would strike the surface with very little energy or 
perhaps would not strike it at all before being attracted back to the 
collector grid. The electrons which do not strike the storage surface will, 
el course, have no effect on its potential. Those electrons which do strike 
l lie surface will arrive with an energy that produces a secondary emis¬ 
sion ratio less than 1. Because the ratio is less than 1, there will be an 
accumulation of negative electrons on the surface, and the potential of 
Ihe surface will tend to become more negative. The potential cannot 
become much more negative than -100 volts (in fact, none at all if all 
nl the electrons have exactly 100 electron volts of energy when passing 
I lie collector grid); actually, the equilibrium potential is probably 
slightly more positive than -100 volts because of ohmic leakage from 
other parts of the tube. The net effect of this application of secondary 
emission is that a region on the surface can be maintained at either of 
two equilibrium potentials with a single set of external conditions. The 
equilibrium potentials near ground and near -100 volts can be used to 
irpresent the storage of a 0 or a 1, respectively. 

When storing two or more bits of information on the storage surface, 
a question arises about the boundary region between adjacent storage 
ai eiis. Unless some provision is made to counteract the effect, an area at 

. or the other of the two equilibrium potentials will tend to expand. 

If an area at the —100-volt potential expands into an area at ground 
potential, there will be a very high potential gradient across the bound¬ 
ary on the storage surface. This situation is undesirable in itself, but 
Im<< AUse the location of the boundary is not stable the storage of more 

• linn one bit of information would be impossible in a practical sense. 
I'Iiin problem has been solved by making the storage surface in the form 
ol n mosaic. Very small squares of beryllium evaporated onto a mica 
luirKing have been used to provide a scheme whereby the area at one or 

<lllll ' r of the tw o equilibrium potentials cannot change. The storage 
I nt cm place on the beryllium, which is a conductor with good secondary 

• uiifiHion properties. As in the barrier-grid tube, the squares are so small 
llml a group of several of them is used for the storage of each bit, and no 
MMciupt is made to aim the beam at each square individually. The mica 
^lili-li separates each square from its neighbors in the beryllium mosaic 
l« n good insulator, and since its secondary emission ratio is loss than 1 
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at 100 volts, the holding beam always causes the mica potential to go to 
the — 100-volt equilibrium value. Therefore, those beryllium squares 
which are being held at ground potential by the holding beam are iso¬ 
lated from all other squares on the storage surface. 

The holding gun is used only for the retention of information, and 
does not come into play during the writing or reading operations. To 
write a 0 on the surface, the electron gun used for reading and writing is 
aimed at the desired spot and turned on for a short period of time. Elec¬ 
trons are caused to strike the spot with approximately 2000 electron volts 
of energy. At this energy the secondary emission ratio is greater than 1 
and the potential of the spot tends to become more positive. Note that 
this effect occurs whether the spot was initially at ground or at the —100 
volt potential; if the spot is at —100 volts initially, the first electrons 
reaching it strike with an energy of 1900 electron volts. However, as 
before, the potential of the ^pot does not rise much above ground poten 
tial because of the influence of returning secondary electrons. The writ 
ing of a 1 is accomplished by applying a positive 100-volt signal to the 
backplate while the writing beam is turned on. The attractive force crc 
ated on the electrons by this positive signal requires that more electrons 
be present on the storage surface to establish the equilibrium condition. 
When the writing beam is turned off and the backplate signal is sub,s< 
quently removed, the potential of the spot becomes approximately — I(Hi 
volts. The holding beam can then be used to maintain the potential u( 
this value. 

To determine whether a 0 or a 1 has been stored, the beam for writ ing 
and reading is turned on, and the pulse induced on the backplate is oh 
served. With the conventions used here, no signal will be obtained for a 
0 , but for a 1 the shift from —100 volts to ground in the potential of t ho 
spot will induce a positive output pulse. As in the other forms of elect m 
static storage which have been described, the process of reading destroy# 
any l’s that are sensed, and they must be restored by a writing opc in 
tion. 

The same problem with regard to isolating the large backplate si gnu I 
from the output amplifier exists for the holding-gun tube as for the I mi 
rier-grid tube. The same isolation methods could be used, but it happmi* 
that in the one important computer where holding-gun tubes are known 
to have been employed, a different scheme was adopted. In this Hc)iotn| 
the reading beam is modulated at the relatively high frequency o! HI 
megacycles. The 10-megacycle component of the output pulse is lln«it 


separated from the backplate pulse by means of filters. 

Although holding-gun electrostatic storage tubes were made to priTn 


well in the Whirlwind computer at MIT, their use did not become vnd 
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h] tread because of their very high cost of manufacture. Also, the require¬ 
ments on the beam deflection system are more stringent than in Williams 
l ubes or barrier-grid tubes. In the holding-gun tube a substantial period 
of time may elapse between the writing and reading of a given bit of 
information. Therefore, the deflection system must have long-term sta¬ 
bility as well as short-term stability, whereas in the other types of storage 
lubes the continuous regeneration process eliminated the need for long- 
I' I m stability, and the position of the storage array could be allowed to 
drift considerably. The capacity and access-time properties of the hold- 
mg-gun tubes are roughly the same as for Williams tubes. 

I be Selectron. Another type of electrostatic storage tube, called the 
Solectron, was developed at the RCA laboratories. The principle of the 
storage mechanism is in many respects the same as for the holding-gun 
lube but with two important differences. One difference is in the way in 
winch the various storage spots are selected. Instead of deflecting the 
henm from an electron gun, there is, in effect, a separate cathode for each 
storage element, and the desired storage element is selected by means of 
" system of horizontal and vertical grid bars. The holding or storage ac- 
Imn is obtained by allowing current to flow from all cathodes at the same 
lime. 1 he other important difference between the Selectron and the hold¬ 
ing-gun tube is the manner by which reading is accomplished. In the 
-electron each storage element is a separate metallic button with a hole 
In l lie center. When the button is at its negative equilibrium potential it 
iicIn like a grid and cuts off any electron flow through the hole. At its 
punitive equilibrium potential the button allows current to flow through, 
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and this current can be detected for making the determination of whether 

a 0 or a 1 is being stored. j . . . . M 

The general plan of the Selectron is illustrated in Fig. 6-4. A side view 

of the essential elements for one bit of storage is presented m Fig. 6-4(a) 

and the principle of the selection bars is shown in Fig. 6-4 (b). As can be 

determined from the figure, there are four grid bars, two vertical and 

two horizontal, in the vicinity of each cathode. The cathodes are at 

ground potential, and each grid bar in the tube is maintained at eitl 

ground potential or -200 volts. The geometry of the various electrodes is 

such that if any one of the four grid bars in the vicinity of a cathode> * 

at the negative potential, no current can flow from the cathode to tlu 

collector. Therefore, to select a given storage bit, the four grid bars near 

the corresponding cathode are brought to ground potential. Other grid 

bars in the tube may also be brought to ground potential provided that 

they are chosen in combinations whereby each other cathode is left with 

at least one negative bar in its vicinity. In Fig. 6-4 (b) three vertical and 

two horizontal bars have been brought to ground potential, as indicated 

by shading, but only one cathode has been selected. Because a uniquo 

specification of the potentials of all of the grid bars is not required, thi 

selection method is very powerful and flexible. By means of intern. 

connections between certain of the bars it is possible, for example, to 

control the selection of 256 storage bits with only 18 external conned. 

tions to the tube. However, the details of the connections and of tht 

translations between the binary number code as used m a computer and 

the selection bar code as required for the tube tend to be a bit comp «’ I 

Since the Selectron has not been widely used, these details will not 

C °With the cathode at ground potential and the collector at a PotentW 
of +175 volts, the electrons from the selected cathode can pass through ■ 
the opening in the collector with 175 electron volts of energy. BecaUM 
of the secondary emission properties of the metallic storage butt, n, 
which is electrically insulated from all parts in the tube, this button cat 
exist in stable equilibrium at the approximate potentials of either g.o.md 
or +175 volts. The mechanism for this storage action is exactly the huiiiI 

as for the holding gun in the holding-gun tube , , , J 

The writing plate in the Selectron corresponds to the backplati in tM 
barrier-grid or holding-gun tubes. The writing plate is mounted m do* 
proximity to the storage buttons in order to provide good capacitive cou¬ 
pling The holes in the writing plate at the location of each button mI oW 
the current, if any, through the button to pass on to the rending c 
trodes The mechanism for writing is similar to the mechanism used In 
the other electrostatic storage tubes, but because the secondary emlatf 
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ratio of the storage button can be less than 1 during the writing process, 
a slightly different procedure must be used. One method of writing is to 
apply a fast-rising positive pulse to the writing plate while current is 
(lowing from the selected cathode to the corresponding storage button. 
The displacement current from the fast-rising pulse forces the potential 
of the button to a more positive value. If the button was initially at 
ground potential, the displacement current overcomes the holding action 
of the cathode current, and the magnitude of the pulse is sufficient to 
bring the button to collector potential where it exists in equilibrium. If 
! Ik* button was initially at collector potential, it is forced to a potential of 
approximately twice this value, but the action of the electrons from the 
cathode return it to its equilibrium value at collector potential. It would 
seem that the rise-time requirements on the pulse could be eliminated by 
applying the pulse before allowing current to flow from the cathode; but 
apparently this variation has not been used. With either method the 
button can be returned to ground potential or left at collector potential 
lor the storage of a 0 or a 1, respectively, by removing the cathode cur¬ 
rent or not removing the cathode current while the signal on the writing 
plate is allowed to return relatively slowly to ground potential. Alterna¬ 
tely, the cathode current to the selected button can be allowed to flow 
al all times, the button being reset to ground potential or not, according as 
I lie signal on the writing plate is removed rapidly or gradually. If the 
potential on the writing plate is returned to its negative value rapidly, 
I he displacement current will overcome the holding action and return the 
billion to ground potential; but if the writing-plate signal is allowed to 
deray gradually, the holding action will maintain the button at collector 
potential. 

As was mentioned, reading in the Selectron is accomplished by detect¬ 
ing tl ir current which flows through the hole in a storage button when it 

• al collector potential. For this purpose it would be sufficient, in princi¬ 
ple, to employ a simple electrode connected to some positive potential 
mid mounted on the side of the button opposite the cathode. However, 
lo Improve the performance of the storage tube, a slightly more elaborate 
lending scheme has been adopted. When the tube is not actively being used 
lot writing or reading, current is allowed to flow from the cathodes to all 
Mlurngo buttons for holding the information. Since there are many storage 
i'li men! s in the tube, an excessive current would flow during this time. 
'In cut off the current except when reading, a “reading plate” is placed 
bclwccii the storage elements and the electrode which detects the current 
llimugb I he holes. The reading plate is functionally only a grid which 
Mini be connected to a negative potential for stopping the electron flow 

* bile uloring or to a positive potential to allow current flow while read- 
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ing. Of course, during the reading operation the desired storage element 
is selected by means of the vertical and horizontal grid bars in the same 
manner as for writing. 

Another refinement to the reading system is the mounting of the elec¬ 
trode used for detecting the current through the holes (the “reading 
wire”) in a Faraday cage. The placing of the reading wire in a region 
of constant potential as provided by the Faraday cage effectively shields 
the sensitive circuits connected to the reading wire from the large-ampli¬ 
tude pulses applied to the grid bars and the reading plate. Provision can 
be made to observe the stored information visually by means of a phos¬ 
phor screen mounted over a hole in the “far” side of the Faraday cage. 
Since the cage is maintained at a potential of approximately +400 volts, 
the electrons enter with an appreciable velocity and strike the phosphor 
on the opposite side. The reading wires, which are at a potential of ap¬ 
proximately +550 volts, are mounted to one side of the path of the elec¬ 
trons, and the current which is detected is actually the secondary elec¬ 
trons from the phosphor. 

One design of a Selectron tube with a storage capacity of 256 bits whn 
brought to an advanced stage of development and was used successfully 
in at least two different computers. However, its acceptance was severely 
limited by the inherently high cost of the tubes. Also, the large amomil 
of power consumed by the multiplicity of cathodes was a detracting feu 
ture. When all favorable and unfavorable points are considered, the Se¬ 
lectron would probably stand up well against other forms of electrostatic 
storage, but when magnetic core storage is included in the comparison, 
the cores seem to win over all forms of electrostatic storage. 

Delay Line Storage. The existence or nonexistence of a pulse travel¬ 
ing through some medium can be used for the storage of a bit of digit ill 
information. The nature of the pulse and the nature of the medium can 
vary widely, but in all cases the basic storage principle is the same. Tlkfl 
length of time that the bit can be stored is the time duration required 
for the pulse to travel from the pulse generating device to the pulse re 
ceiving device. For storage times longer than this it is necessary to regen* 
erate the pulse and transmit it again. It is generally desirable tlml lint 
pulse be confined to a transmission line of some sort, although surli 
confinement is not necessary. In fact, it is quite possible to employ H 
radio transmitter and a remotely located receiver for the pulse general mg 
and receiving means, with space as the medium for carrying the pulno 
For pulse regeneration in this case it would probably be desirable tef 
place the transmitter and receiver near each other and reflect the radio 
signal from a remote metallic object as is done in a radar installat ion 

The term “delay line” is derived from the fact that it. is not practical 
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to use ordinary electromagnetic wave propagation either in space or 
along a transmission line as a storage medium. The source of the diffi¬ 
culty is the velocity of propagation, which is so great that excessively 
large dimensions are required for useful storage periods. It is therefore 
necessary to devise a transmission path that will “delay” the pulse as it 
proceeds from the transmitter to the receiver. In spite of the fact that 
by some standards the velocity of pulse propagation is very great, all 
transmission lines used for storage are referred to as delay lines because 
o! the comparison with the velocity of propagation in ordinary transmis- 
i'ion lines and because it is the amount of delay between the transmission 
and recovery of the pulse which is the important parameter. 

To achieve continuous storage of a pulse it is, of course, necessary to 
amplify the pulse as it circulates in the loop composed of the transmit¬ 
ting unit, the delay line, and the receiving unit in order to overcome the 
louses in the loop. For this purpose an amplifier is inserted in the loop. 
However, it is necessary to do more than amplify the pulse; it is also 
necessary to reshape and retime the pulse. In an ideal delay line the 
hlmpe of the pulse would be unaltered as it travels along the line, but in 
any physical line there is a dispersion effect which tends to broaden the 
pulse as well as attenuate it. The need for retiming arises from the re¬ 
quirement of distinguishing one pulse from another when more than one 
information pulse is stored in one delay line. Although it is conceivable 
1 hut a system could be worked out whereby each pulse could be identified 
by its amplitude or shape, in practice all pulses are alike, and they are 
distinguished from each other by their timing as defined by a set of ref- 
I’lruee pulses. Instead of actually reshaping and retiming the amplified 
pulse it is generally more convenient from a circuit design standpoint to 
use the amplified pulse to gate a fresh pulse into the delay line. 

The basic logic of delay line storage is shown in Fig. 6-5. A signal 
•ipplied to the line marked “1” passes through the or switch and enters 
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the loop at the beginning of the delay line. This pulse will travel along 
the delay line and at a later time will arrive at the far end, where it is 
applied to the input of an amplifier. After amplification the pulse will be 
broader than before because of dispersion, and it can therefore be used to 
gate a new clock pulse into the delay line. In this simple configuration it 
is a subtle point whether the amplified pulse is allowing the passage of a 
new clock pulse or whether the clock pulse is causing the amplified pulse 
to be reshaped and retimed; the real distinction, if any, would depend on 
the details of the circuit used in the gate. The output from this storage 
system can be taken either from the output of the amplifier or the output 
of the gate. 

The sensing or reading of the information stored in a delay line storage 
system does not destroy the information as reading does in most forms 
of electrostatic storage. Therefore it is necessary to provide a circuit 
specifically intended for “erasing” the stored information or for chang¬ 
ing individual pulses to nonexistent pulses. This function may be ac¬ 
complished as indicated in Fig. 6-5 by an inhibiting input on the gate. A 
pulse applied to the line marked “0” will inhibit the passage of a pulse 
through the gate and will thereby terminate the circulation of any pulse 
which might be appearing at the output of the amplifier at this time. 

The value of the delay line comes from the possibility of storing many 
pulses in one delay line through the simple expedient of having the pulses 
travel one behind the other along the line. It is, of course, necessary that 
the input pulses be timed in synchronism with the clock pulses and that 
the delay time in the line be made an integral number of clock pulse in¬ 
tervals so that output from the amplifier will also be in synchronism 
with the clock pulses. The storage capacity of the line in number of 
pulses or bits of information is equal to the number of clock pulse inter 
vals in the delay time of the line. The limiting parameters in store r e 
capacity are therefore the maximum clock pulse frequency and the max 
imum delay time that can be used. The factors affecting these limits de¬ 
pend to a large extent on the type of delay line employed, and the various 
types will be discussed in some detail in later paragraphs. *■ 

Access to any given bit of information stored in a delay line is ob¬ 
tained by utilizing the output at the appropriate time. Assume, for exam 
pie, that the delay line is capable of storing seven bits and that pulses art 

entered with the sequence of 1100100 as indicated in Fig. 6-5(b), .. 

0’s and l’s are represented by the absence and presence of pulses, ivh|mt 
tively. If the output of the line is then observed at some much later lime, 
it would be impossible to identify the individual pulses wilhoul addl 
tional equipment because other initial pulse sequences, 0110010 for ex* 
ample, would produce the same repetitious pattern of pulses. A referenda 


Large Capacity Storage: Non-Magnetic Devices 285 

pulse which appears on every seventh clock pulse may be used to identify 
the first pulse in the sequence. The various pulses in the series of seven 
can then be identified by their time relationship to the reference pulse. 
In most machines employing delay line storage a counter is provided to 
keep track of reference time. The counter in this example should count 
from one to seven and then repeat. The clock pulses are applied to the 
counter to keep it running continuously. To determine whether any given 
bit of information is a 0 or a 1, the output of the delay line storage unit 
is observed when the counter is at the appropriate step. If for any reason 

I lie counter happens to get out of step with the stored information, the 
information would be lost to the same degree that it would be through 
the malfunctioning of any other component in the system. 

I lie obvious expense of a counter to gain access to the information is 
rendered less objectionable by the fact that the same counter can be used 
lor a large number of delay lines. Access to a particular bit of informa¬ 
tion in a large delay line storage system is therefore a matter of using 
logical switching circuits to select the desired delay line and using timing 

circuits (composed of counters and other logical elements) to select the 
desired pulse within the delay line. 

An outstanding disadvantage of delay line storage is in the delay it- 
nclf, or the “access time” of the information. On the average for ran¬ 
domly chosen addresses it is necessary that a machine employing delay 
line storage be required to wait a length of time equal to one half the 
delay time on each occasion that the computer must obtain access to 
storage. While it is possible to overcome this disadvantage by using a 
multitude of short delay lines, the cost advantages of delay lines are 
realized only when each one is capable of storing a large number of bits 

II lie order of 100 to 500) and thereby has a relatively long time delay. 
Atiol her factor that can be used to get around the access time problem to 
"ime degree is the relatively high pulse repetition rate that can be uti¬ 
lized in some forms of delay lines where the time between successive bits 
n. II 5 microsecond or less. Alternate forms of storage such as electrostatic 
IiiIich or magnetic cores require 6 to 10 microseconds per information bit 
"lien designed along conventional lines. The comparison is complicated, 
however, by the differences in computer organization that are usually 
«mi iciated with the different forms of storage. In particular, the relative 
iiiitiIs of serial and parallel transmission of groups of information bits 
me dependent upon the form of storage which has been selected. 

Ilf l.lio many possible variations in delay line storage systems one of 
lie' most important is the concept of “sampling.” With this variation the 
Information pulse itself is not used to gate a fresh clock pulse. Instead, 
by means of circuits the output signal from the amplifier is examined for 
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a very short interval of time (that is, “sampled”) at each point in time 
that the information pulse, if any, should be at its maximum voltage 
level. From the standpoint of circuit logic the process of sampling is the 
same as gating; the difference is largely a matter of definition relating 
to the width of the clock pulse, but the effect on the circuit design is con¬ 
siderable. The regeneration functions are shown in block diagram form 
in Fig. 6-6. The pulse samples are passed through a circuit indicated as 




a “level discriminator,” which makes a better discrimination between O’m 
and l’s by allowing only pulses above a certain minimum amplitude In 
pass. The pulses are then widened to a usable time duration and applied 
as an input to the delay line. The purpose of this refinement is that tho 
amount of delay in the line can be allowed to vary in either direction by 
an amount equal to nearly half the time between clock pulses. Also, the 
pulses can be packed closer together for increased storage capacity; in 
fact, in types of delay lines where the pulses are propagated by ratlin 
frequency carrier waves it is possible to decrease the time separation 
between pulses to the point where successive l’s are represented by it 
steady signal. J 

Mercury Delay Lines. Of the various types of delay lines that could 
be adapted to digital computers, the type employing ultrasonic moclmnb 
cal vibrations passing along a column of mercury have been I Ik* imml 
popular. In principle, almost any liquid could be used in place of Hi* 
mercury, and water has been seriously considered. However, bconune uf 
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Hie fairly good impedance match that can be obtained between mercury 
and the quartz transducers which are used, no other liquid has ever been 
chosen for computer applications so far as is known. 

A mercury delay line is basically a relatively simple structure as illus- 
I rated in Fig. 6-7. The lines have appeared in widely varying forms with 
regard to the mechanical details of construction, but the important parts 
are a tube (usually steel or glass) to which a quartz crystal transducer 
lias been attached at each end. Mechanical vibrations are generated and 
detected through the use of the piezoelectric properties of the quartz. By 
applying a high-frequency alternating voltage to the electrodes on the 



Fig. 6-7. Mercury delay line. 


two faces of the crystal at one end, the crystal is caused, as a result of 
I lie piezoelectric effect, to vibrate at the frequency of the applied voltage. 
The vibrations are mechanically coupled to the mercury, which is in con¬ 
tact witli the quartz, and they pass along the mercury column to a 
Miinilur crystal at the far end where they induce a voltage across the 
electrodes of that crystal, again because of a piezoelectric phenomenon. 
Hmcc a liquid is able to support longitudinal vibrations only (not shear 
Vibrations), the crystals must be cut with the appropriate orientation 
with respect to their lattice structure, and X-cut crystals are correct for 
I In i purpose. Note that the mercury is in contact with one face of each 
h vmIuI and can therefore be used as one of the electrodes at each end. 
The amount of delay that is obtained is a function of the length of the 

.. column and of the velocity of “sound” in mercury, which is 

approximately 475 feet per second or 57 inches per millisecond. 

When designing circuits to transmit pulses along a mercury delay line 
Hu frequency response characteristics of the line must be considered. 


It" niise of the quartz crystal transducers a mercury delay line acts like a 
ImndpuHs filter, and the center of the pass band is approximately equal 
I" 'he resonant frequency of the crystals. Although a quartz crystal is 
l"iinm,lly a high-Q device and is responsive only to a very narrow band 
nl frequencies, the heavy damping action of the mercury in contact with 


• I.ryslals causes the bandwidth in this application to be a substantial 
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fraction (of the order of 25% to 50%) of the resonant frequency. Be¬ 
cause of the heavy attenuation at the relatively low and the very high 
frequencies, best performance is obtained by sending each information 
pulse in the form of a wave packet at a frequency near the center of the 
pass band. The crystal frequencies which have been used in practice 
range from about 8 to 30 megacycles per second; the information pulse 
is therefore used to modulate a carrier signal at the corresponding fre¬ 
quency. At the receiver end the envelope of the carrier signal is ex¬ 
tracted by means of circuits analogous to the circuits in a radio system 
employing amplitude modulation. 

The maximum usable pulse repetition rate for the information pulses 
has been reported to be as high as 5 megacycles for the 30-megacyclo 
carrier frequency, and a pulse repetition rate of 4 megacycles was ac¬ 
tually used in at least one machine, the Binac. However, in subsequent, 
machine designs the pulse repetition rate has been reduced to about 2 
megacycles. One of the more severe problems at the higher pulse rates in 
the variations in delay caused by changes in temperature of the mercury. 
This variation has been reported to be approximately —340 parts per 
million per degree centigrade. For a delay line 1 millisecond in length, 
for example, this variation amounts to 0.34 microsecond per degree cen¬ 
tigrade. At a pulse repetition rate of 2 megacycles where the pulse in¬ 
terval is only 0.5 microsecond, it is clear that an accurate control of delay 
line temperature is required for proper matching of the information 
pulses with the clock pulses of* the computer. Of course, with shorter 
lines or with lower pulse rates the temperature control problem is lens 
acute. 

The mounting of the crystals at the ends of the mercury columns I him 
been given much attention. A major consideration is the reflections which 
occur when the wave packets reach the receiving crystal. One scheme 
which has been used to eliminate the reflections is to place mercury on 
the back sides of the crystals as well as in the delay tube itself. Then be 
cause of the fairly good impedance match between the mercury and I Im 
quartz crystals, the vibrations will pass through the crystals into (lift 
mercury “end cell” where they can be dispersed by the geometry of llw 
container. This design has the disadvantage that the crystals are on 1 1 v 
damaged by shock waves, since the only support on each side in tlm 
liquid mercury. In other designs the crystal has been soldered to a Imclt 
ing material having lead as the principal constituent. The waves cun 
then pass into the lead, where they are absorbed. In still other dr* ignl 
the reflections are ignored, and the attenuation of the line is depended of! 
to reduce their amplitude to an unobjectionable level. In this case n m 
material such as brass may he used for the back electrode, and the simdl 
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air gaps between the brass and the crystal create an acoustic mismatch. 
Some experimenters have, in fact, reported that improved performance is 

obtained when the transmission of the signal into the backing material is 
prevented. 

The total attenuation in a mercury delay line is made up of two parts. 
< )ne is the attenuation introduced by the two piezoelectric processes and 
may amount to about 50 decibels. The other source of attenuation is in 
the mercury column, where the mechanical vibrations are reduced in am¬ 
plitude by an amount which depends upon the tube diameter and the 
carrier frequency, but is of the order of 1 to 2 decibels per foot in most 
cases. Because of the attenuation a reasonably good amplifier is needed 
In restore the signal to a level which is usable in logical circuits. 

'Hie specific design parameters that are chosen for any given installa- 
lion are the result of numerous compromises. For a large storage capacity 
1 1 is necessary to have a long line and a high pulse repetition rate. The 
line length is limited to some extent by physical considerations, but a 
more stringent limitation is the access time of the stored information. 
I'Ivcn with delays of only 0.5 to 1.0 milliseconds (the range for most 
mercury delay lines) the relatively long access time has been considered 
an objectionable feature. A large number of short lines is an alternative, 
bn! it is an expensive alternative because each line requires its own am¬ 
plifier and pulse regeneration circuits. The upper limit on pulse repetition 
Mle that can be used effectively is set not only by the temperature stabil¬ 
ity problem, but also by the amount of attenuation and signal overlap 
Hint can be tolerated. In practice, each information pulse gates several 
cycles of the carrier signal into the line. It would be possible to design a 
♦astern where each pulse would allow only one cycle of the carrier fre¬ 
quency to pass; however, as a Fourtier analysis would show, much of 
llie transmitted energy would be in component frequencies outside of the 
|mihh band. As a result, the pulse received at the far end would be unduly 
Attenuated and widened. 

Although several computers employing mercury delay line storage have 
been built in the laboratories of universities and commercial organiza- 
tmiiM, very few have been put into production. One of the better known 
• I* lay line computers which has been offered commercially is the Univac 
nmmiluctured by Sperry Rand, but even in this machine magnetic cores 
Imve replaced mercury delay lines for large-capacity storage applications 
In I he later models. 

Quartz Delay Lines. Numerous solid substances as well as liquids 
Imve been investigated for possible ultrasonic delay line applications. Of 
the many possibilities, fused quartz has appeared the most. desirable and 
han received the most attention. The principle of operation of quartz 
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delay lines is the same as for mercury delay lines in that piezoelectric 
quartz crystals are mounted on the ends of a piece of fused quartz for 
the generation and detection of mechanical vibrations. Both shear and 
compressional (longitudinal) waves are possible in a solid medium, and 
since the two types of waves have different velocities of propagation, 
some care must be taken to insure that only one type is present. The 
expressions for the velocity of propagation of shear and compressional 

AAJ /AH- 2/l Y 

waves are^-y and ^- J , respectively, where p is density and /x and 

A are the well-established symbols for certain elastic constants. The con¬ 
stant /x is the shear modulus of elasticity, but A does not have a simple 
physical significance. The equation, A = B — 2/x/3, where B is the bulk or 
volume modulus of elasticity, relates A to properties which can be easily 
visualized. For fused quartz the velocity of shear waves turns out to be 
about 150 inches per millisecond, and for longitudinal waves the velocity 
is about 235 inches per millisecond. Since, for a given length of path, the 
delay for the shear waves is greater, it is the preferred mode. M 

Even with the shear mode, the velocity of propagation is appreciably 
greater than for mercury, and quartz rods long enough for the delay 
times required for many applications would be difficult to fabricate and 
handle. For this reason the idea of reflecting the waves back and forth 
in a solid block of material has been widely used. When multiple reflec¬ 
tions are employed, care must be taken in the design to insure that 
spurious signals do not occur from reflections of diffracted portions ol 
the wave. Also, the direction of vibration with respect to the reflecting 
surfaces must be chosen correctly; otherwise, a shear wave will be pm 
tially converted into an unwanted compressional wave. Incidentally, 
compressional waves are not generally usable in delay lines employing 
reflections because they are always partially converted into shear wave* 
upon reflection except when the angle of incidence is 90°. For generation 
and detection of the shear waves, Y-, AC-, or AT-cut crystals are bonded 
to the appropriate faces of the fused quartz block. ] 

Some of the reflection patterns which have been devised for solid delay 
lines are of considerable academic interest in themselves. Two ingenious 
patterns are shown in Figs. 6-8 and 6-9. The quartz blocks in each eie.e 
are flat plates in the shape of polygons, with the dimensions and angle* 
of the several sides chosen to given the desired reflections. The posilinm 
of the quartz crystal transducers are as indicated in the figures. Tlul 
basic structure for the pattern in Fig. 6-8 is a regular 15-sided polygon 
except that one side is not used and four other sides are tilted slightly 
The path sequences are numbered in the figure. Note that a wave slnlvei 
some of the reflecting surfaces as many as threo times in ils course (mill 



Km. 6-8. A delay line reflection pattern for a 15-sided polygon. The figure is a 

regular 15-sided polygon except that sides A, B, C and D are tilted. 



Fid. 0-9. A doublo-wodgo reflection pattern for a delay lino. 
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the transmitting crystal to the receiving crystal. The pattern in Fig. 6-9 
is a double wedge design where a wide separation between individual 
path segments is achieved at the transducers. The numbers of degrees in¬ 
dicated for the various paths refer to the angles between the paths and 
the vertical or horizontal directions, as the case may be. Three-dimen¬ 
sional patterns are also possible. 

Quartz delay lines are superior to mercury delay lines in many respects, 

including bandwidth, attenuation, temperature sensitivity, and mechani 

cal stability, but their use in digital computers has been extremely lim 

ited. A compelling factor limiting their usefulness has been that tech 

niques for manufacturing a satisfactory delay line were difficult to find, 

whereas mercury delay lines could be assembled with relative ease. Also, 

the cost of fused quartz delay lines has always been high because of the 

accurate machining required on the reflecting surfaces of the quartz 
block. 

Magnetostrictive Delay Lines. A form of delay line which seems to 
have attracted considerable interest in England employs the magneto 
strictive effect found in certain materials. Magnetostriction is the me 
chanical deformation that occurs in some materials upon application of 
a magnetic field. Conversely, a mechanical strain applied to a magne' 
tostrictive material will cause a change in the magnetic properties of the 
material; in particular, if the material is in the region of a magnetic field 
the strain will alter the reluctance of the flux path and will cause the 
amount of flux passing through the material to be changed. This change 
in flux can be used to induce a voltage in a surrounding coil. • 

The construction of a magnetostrictive delay line is extremely simple 
in principle. Fig. 6-10 (a) illustrates the essential parts. The magnetos! lie 
tive material is usually in the form of a fine wire. A large wire or n 
rod could be used, but in these the time required for the magnetic field 
to penetrate the material would be excessive. The signal to be delayed i - 
applied to a coil at one end. Assume that this signal consists of a sudden 
change in the input current to the coil. The portion of the wire him 
rounded by the coil either elongates or becomes shorter, according In I lie 
sign of the magnetostrictive effect. With nickel, a commonly used nude 
rial, a contraction takes place as the strength of the magnetic field i in 
creased. This disturbance is transmitted along the wire as a meclmnicnl 
wave. When the disturbance passes under the coil at the opposite end 
a voltage pulse is generated because of the disturbance in the flux pnllein 
which was established by the permanent magnet. Since the flux pattern 
will return to its original state after the passage of the mechanical puke, 
the output voltage pulse must have both a negative and a positive part, 
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When the finite lengths of the transmitting and receiving coils are con¬ 
sidered it will be observed that the mechanical wave traveling along the 
wire will have a length roughly equal to the length of the transmitting 
coil. If the receiving coil is longer than the transmitting coil, there will 
a time separation between the negative and the positive parts of the 
output pulse, one part being generated as the wave enters the receiving 

Damping Transmitting Receiving Domping 

Pad Coil Coi l Pod 

ES3 Magnetostrictive Kw.n 

(Nickel) Wire Permanent 

(a) x -^ Magnet 




Time 

Input Current 


(b) 


(c) 


(d) 



Output Voltage 


Fig. 6-10. Magnetostrictive delay line. 


"•d find the other part when the wave leaves the receiving coil If the 
I miinmitting coil is longer than the receiving coil, a similar time separa- 

"" Wl11 occur ln the negative and positive parts of the output pulse; in 
Hu* case the two parts will be generated when the leading and trailing 
•mIi-cn of the wave pass through the receiving coil. While it is instructive 

'!’ "° tlCe th , e effect of relative coil lengths, in digital storage applications 
,r ,W() (, °u s usually have approximately the same length. 

II I lie current in the transmitting coil is suddenly returned to its orig¬ 
inal value, the section of wire under the coil will return to its original 
lenp.lli, and it will initiate another mechanical wave in the wire With 

. M " ,c wave wil1 now be the result of a sudden expansion The flux 

nmler the receiving coil will be altered in the opposite direction, with 

Ha' result that the output pulse will be of opposite polarity. A qualitative 

hnliciition of the input and the delayed output signal is shown in Fig. 6- 
}0 (u) • 
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By applying the current in the transmitting coil for a time equal to 
L/V (where L is the length of the coil and V is the velocity of propaga¬ 
tion) the two output pulses will overlap, the positive-going portions add¬ 
ing in amplitude. The effect is illustrated in Fig. 6-10(c). A current pulse 
of this type can be used conveniently for the storage of one bit of infor¬ 
mation. Another way of viewing the magnetostrictive storage mechanism 
is to notice that the form of the mechanical wave in the wire is closely 
related to the first derivative of the current wave form in the transmitting 
coil and that the output voltage in the receiving coil is similarly related 
to the first derivative of the mechanical wave shape. The output voltage 
pulse is therefore approximately proportional to the second derivative 
of the input current. Two adjacent information pulses can be spaced so 
that the negative parts of the output pulses overlap without affecting the 
positive parts, as indicated in Fig. 6-10(d). By means of appropriate cir¬ 
cuits the negative parts can be clipped off, only the positive parts being ; 
used. (Of course, “negative” and “positive” are relative in this applica¬ 
tion ; their roles can be interchanged by reversing the connections to tho 

output coil.) J 

Since the mechanical pulses will travel in both directions along tho 

wire, objectionable reflections will occur from the ends unless steps arc 
taken to prevent them. Rubber damping pads clamped to the ends of tho 
wire are effective in reducing the amplitude of the pulses traveling in tho 
unwanted directions. A reflected pulse must travel past a damping pad 
twice before it is returned to the section of the wire used for storage. 

As with other delay lines, the storage capacity of the magnetostrictive 
delay line is a function of the path length, wave velocity, and piilnoj 
repetition rate. It is feasible to obtain relatively long path lengths in A 
compact space with wire by coiling it around a form. The velocity of 
propagation for longitudinal waves in wire is {E/ P ) i , where E is Young! 
modulus and P is density. Note that this velocity expression is different 
from the expression used for longitudinal waves in quartz delay lioifl 
The reason for the difference is that in a wire where the diameter is small 
compared with a wavelength it is possible to have expansion and contrnoH 
tion in a lateral direction (Poisson’s ratio), but for plane waves in A 
relatively extensive region, motion in a lateral direction is prevented. In 
nickel the velocity turns out to be roughly 190 inches per millisecond, 
which amounts to a delay time of about 5.2 microseconds per inch. Tim 
finite size of the coils is a limiting factor in the pulse repetition r*tM 
At a pulse repetition rate of 2 megacycles per second, for example, thl 
wavelength would be just slightly over 0.1 inch. Coils which confine Hm 
field to a dimension much smaller than this would be difficult to doMlg^ 

without a sacrifice in signal amplitude. 


Large Capacity Storage: Non-Magnetic Devices 295 

Lumped-Constant and Distributed-Constant Delay Lines. The ve¬ 
locity of wave propagation on an ordinary two-wire transmission line is 
(, where L and C are the distributed inductance and capacitance, 
respectively, per unit length of line. It might be expected that it would 
be possible to devise a transmission line with large L and C so that the 
velocity would be slow enough to produce a usable delay in a reasonable 
physical size. Numerous delay line designs employing this principle have, 
in fact, appeared for radar and other applications. In general, the designs 
full into one of two categories. (1) Individual coils and capacitors are 
connected as indicated in Fig. 6-11 to simulate a transmission line. This 

input J- JL J- JL J- output 



Fig. 6-11. Lumped-constant delay line. 


kind of a configuration is known as a “lumped-constant” line. There may 
or may not be mutual coupling between the individual coils. (2) The 
i ltd ay lines in the other category are called “distributed-constant” lines 
because the inductance and capacitance are distributed along the length 
n| the line. The large inductance may be obtained by giving the line the 
form of a coaxial cable with one or both of the conductors, but usually 
only I he inner one, in the form of a long coil or helix. The capacitance 
per unit length is made large by using a thin layer of insulating material 
lo maintain a close spacing between the inner and outer conductors. 

With lumped-constant lines an upper limit to the number of discrete 
Information pulses that can be stored is clearly set by the number of 
HH'lioiiH in the line, for there cannot be more than one distinguishable 
milage level in each section. With lossless components it would be pos¬ 
able to divide the inductance and capacitance into “lumps” as small as 
iMMM HHary to achieve any desired delay line quality in terms of ability to 
\ Irld u faithful reproduction of the input wave form. However, there is 
m practical limit to the amount of subdividing that can be done, and all 
HMiiliiblc components have appreciable losses, so that the theoretical 
polcutialities of lumped-constant lines with ideal components have never 
been approached. 

In distributed-constant lines a serious phase-shifting problem is en- 
iHimitcred because the inductance of the helical conductor in effect varies 
H 1 11 1 frequency. The variation is a result of the fact that the currents in 
Kdjiicent or nearby turns in the helix arc not in phase with each other 
id I lie high frequencies so that the flux linkages do not create the same 
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inductive effect that they do at low frequencies. Therefore, the different 
frequency components of a pulse travel with different velocities, and con¬ 
siderable pulse distortion is created. 

A thorough mathematical analysis of electrical delay lines for digital 

applications has apparently never been attempted, but certain basic con¬ 
siderations have been worked out. An approximate measure of the storage 
capacity of a delay line can be obtained from the rise time of the line. 
The rise time may be defined as the time required for the output voltage 
to go from the arbitrarily set limits of 0.1 to 0.9 of its final value when a 
step-function voltage is applied to the input. It is reasonable to estimate 
that an amount of delay equal to two rise times, one for the rise and one 
for the fall, would be required for each discrete pulse which is to he 
stored in the line. If the pulses are packed more closely together than 
this, they overlap too much to be easily distinguishable by means of cir¬ 
cuits. However, it has been shown that the rise time of a delay line of 
any given design is proportional to the length of the line. Therefore, therM 
is an upper limit to the number of pulses that can be stored in a delay 
line of the given design. In other words, by making the line shorter tho 
rise time can be improved, but the amount of delay available for storago 
is decreased proportionally; when the length is increased to obtain more 
delay for storage, the increased rise time requires that the pulses bn 

spaced farther apart. 

It has been reported by one observer that the maximum number of 
pulses that could be stored in the best available lumped-constant line 
was determined from experimental data to be 23, and that the maximum 
in the best available distributed constant line was 15. It was indicated 
that it might be possible to increase the storage capacity of a lumped- 
constant line to 32 bits of information through the use of inductors made 

of a nickel-zinc ferrite material surrounding a conductor. J 

A computer known as the Gamma 3, offered commercially in Fi nno# 
by the Compagnie des Machines Bull, employs lumped-constant delay 
lines as a storage medium, but the number of bits between pulse amplily¬ 
ing and regenerating circuits is quite limited in comparison with the num¬ 
ber possible with the delay line types discussed in previous sections. 

Other Forms of Delay Lines. Of the various other delay line media 
nisms which have been invented, one with intriguing possibilities em¬ 
ploys a strip of barium titanate in ceramic form. Mechanical vibration! 
are created directly in the barium titanate through the piezoelectric prop¬ 
erties of the material. Electrodes evaporated on each side of the strip at 
one end could be used for this purpose. Similar electrodes at the far em| 
could be used to detect the vibrations, again by a piezoelectric phcimm- 
enon. The scheme is attractive because of the elimination of sepaiatl 
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transducers and because of the simplicity of construction. Also, it is pos¬ 
sible to place electrodes at intermediate points along the strip to obtain 
different lengths of delay in one line. Although experimental delay lines 
of this type have been built, they have apparently never been developed 
to the point where they are competitive with other forms of storage. 

A track on a magnetic drum can be used as a delay line by writing 
the information with one magnetic head and reading it at a later time 
with a second magnetic head. The delay in this case is obtained from the 
time required for the rotating drum to transport the magnetized spots 
from one head to the other. In systems where the writing head is not 
capable of erasing information previously recorded on the magnetic sur¬ 
face, it is necessary to place an erasing head after the reading head as 
shown in Fig. 6-12. The term “revolver” is sometimes applied to the 



Fig. 6-12. Magnetic drum used as a delay line (revolver). 


arrangement in which a drum track is used as a delay line. When the 
revolvers are short compared with the circumference of the drum it is 
possible to place two or more of them around the periphery of the drum, 
each one on the same track. Revolvers are useful for storing relatively 
HinaII amounts of information with faster access times than are possible 
when the entire track is used in the ordinary way. The mechanism of 
storage on magnetic drums is covered in more detail in Chapter 7. 

Magnetic core stepping registers have also been used in applications 
of the delay line type. Such stepping registers are special cases of certain 
magnetic core systems of circuit logic and are described in some detail in 

(Chapter 5. 

Capacitor Storage. The ability of an ordinary capacitor to store 
charge has often been suggested as a likely basis for a digital storage 
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system. Although the cost of a capacitor storage array has usually kept 
this mechanism from competing with other storage mechanisms for large- 
capacity systems, it is possible to realize certain attractive advantages 
with capacitors. For one thing, it is possible to employ only standard 
electronic components in the design of the storage unit; no special com¬ 
puter components are required. Also, it is possible to work entirely with 
large pulse amplitudes instead of the millivolt signals encountered in 
most other storage schemes. The principal disadvantage of capacitor 
storage comes from the large number of diodes needed to gain access to 
a selected capacitor in an array. 
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Fig. 6-13. One form of capacitor storage. I 

One arrangement for capacitor storage is shown in Fig. 6-13(a). In thin 
circuit the bit of stored information is represented by the potential al 
point A, a 0 being represented by zero volts and a 1 being represented 
by —50 volts. The wave forms in Fig. 6-13(b) indicate the major stopn 
involved in the sensing and regeneration of a stored 1. To sense the statux 
of the stored bit, a rectangular-shaped positive pulse is applied to point 
W. If the bit is a 1 (as it is assumed to be in this case) the potential of 
point X is brought from -50 volts to ground. Through the electrostatic 
coupling of the capacitor a pulse is caused to appear across the resistor 
R, and this pulse is sent to a bit storage device, such as a flip-flop, to 
record that a 1 was sensed. To regenerate the 1 it is necessary to return 
the potential of point X to —50 volts. This is accomplished by applying 
a rectangular-shaped positive pulse to point Y through certain logical 
circuits and at the same time allowing the potential of point Z to drop 
from +50 volts to ground. The charge on the capacitor can then escape 
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through diode D 2 so that the potential of point X will return to —50 
volts at the termination of the pulse at Y. If a 0 had been stored, the 
same wave form would be applied to Z , but diode D x would have been 
connected in the back direction at all times; and therefore no pulse would 
have appeared across R, and no pulse would have been returned to Y 
from the logical circuits. For the insertion of a 0 or a 1 into capacitor 
storage the first half of the process is the same as before, but in the sec¬ 
ond half the path from the bit storage device to the logical circuits is 
interrupted, and a signal is sent to the logical circuits from other sources. 

'The storage of only one bit of information by means of a capacitor is 
relatively costly because more equipment is required to regenerate the 
bit than would be required to store it in the regeneration circuits them¬ 
selves. AVhen several bits are to be stored, the resistors R , one for each 
capacitor storage circuit, can be combined into one common load resistor, 
and then only one set of regeneration circuits is required. Economies in 
I lie circuits for applying pulses to W and Z can be achieved when several 
hits are to be sensed or recorded simultaneously. For example, 10 charac- 
b’l'H, each represented by a 7-bit code can be stored in a 7-by-10 bit 
array. If the 7 bits of any given character are transmitted in parallel, 10 
*h !h of W and Z drivers can be used for the 10 columns in the array and 
7 Nets of regeneration circuits can be used for the 7 rows. A capacitor 
Murage system of this general character is employed in the IBM type 650 

• aleulator for the storage of individual words in the arithmetic unit, al- 
I bough magnetic drums are used for the main large-capacity storage. 

Another mode of operation for a capacitor storage system is shown in 
1'ig. 6-14(a). In this case the capacitor is never left in the discharged 

• nndition; instead, a 0 or a 1 is represented by a negative or a positive 
potential, respectively, at point X. The potentials at points W and Z 
hio normally connected to voltage sources of —E and +E, respectively, 
" All the diodes Di and Z> 2 thereby connected in the reverse direction. To 
wi’iiNe the status of the capacitor, points W and Z are simultaneously 
brought to ground potential as indicated by the wave forms in Fig. 6- 
14(b) . During the sensing operation the potential of point X will be 
lorccd toward ground regardless of its initial value. If X was negative 
Miiginally, a positive pulse will appear across the resistor R and at the 
Input of the amplifier. The amplifier is so designed that the output signal 

poNitive or negative in accordance with the sign of the input pulse. In 
I hr disc of a positive input signal, the output signal will hold the poten- 
iinl of point Y at a positive value until the potentials at points IF and Z 
liuvr been returned to their initial values. Then when the amplifier out¬ 
put Hignal returns to zero, the potential at X will return to a negative 
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Fig. 6-14. Another form of capacitor storage. m 

value because of the capacitive coupling through the capacitor. An anal¬ 
ogous process occurs for the sensing and regeneration of a positive potcn 
tial at X. 1 

An advantage of the circuit in Fig. 6-14 is that the determination of a 
0 or a 1 is dependent on the sign and not the magnitude of the pulse up 
plied to the amplifier input. A large fraction of the charge of the capacitor 
can be allowed to escape through leakage, and the circuit will still Ih| 
capable of correctly sensing and regenerating the stored information. Thu 
insertion of new information is accomplished by applying the same wave 
forms to W and Z as before and by forcing the amplifier output to M 
positive or negative as required. 

A selection system which employs pulse transformers and which rim 
be used with this second form of capacitor storage is shown in Fig o 
14(c). A 2-by-2 array is indicated, but extensions to larger arrays al<| 
straightforward. For selecting and sensing any specified capacitor Htoragu 
unit, simultaneous pulses are applied to the primary winding of I he A 
transformer in the corresponding column and the primary of the B train* 
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lormer in the corresponding row. One side of each secondary winding of 
an A transformer is returned to a supply voltage of —10 volts, for example, 
and the secondaries of the B transformers are returned to -f 10 volts. The 
windings are connected so that positive pulses are produced by the A 
I ransformers and negative pulses are produced by the B transformers. 
I he open-circuit magnitude of the pulses in this example should be 
greater than 10 volts but less than 20 volts. In the absence of pulses all 

I he diodes in the selection system are connected in the back direction so 
Mi at no current flows; but when the pulses are applied, current will flow 
in the transformer at the intersection of the selected row and column to 
cause the sensing of the corresponding capacitor. As before, a common 
load resistor R is used for all of the storage capacitors, and only one 
capacitor is sensed and regenerated at a time. In applications where 
Mcveral bits are handled at the same time, as in a computer which trans¬ 
mits the words in parallel, only one transformer switching system is re¬ 
quired. In this case all capacitor storage circuits to be sensed simul- 
taneously are connected in parallel to the appropriate transformer in the 
matrix. Of course, separate amplifiers and regeneration circuits are re¬ 
quired for each bit handled in parallel. 

Because of the leakage of charge from capacitors it is necessary to 
regenerate the stored information periodically whether it is used or not 

I I the information is to be stored for any appreciable length of time. 
This requirement is the same as encountered with electrostatic storage 
lubes of the Williams or barrier-grid types except that the “read around” 
problem does not occur with individual capacitors. 

('apacitor storage systems together with transformer selection matrices 
Imve been designed for the SEAC computer at the National Bureau of 
Standards and for the MIDSAC computer at the University of Michigan. 

Ferroelectric Storage. A form of large-capacity storage with many 
potentially attractive features utilizes the hysteresis loop found in certain 
ferroelectric materials, particularly barium titanate. The basic storage 
■'b'lwnt consists merely of a small rectangular-shaped piece of the mate- 
mmI with two electrodes on opposite sides forming a sort of capacitor. 
W lien a voltage difference of sufficient magnitude is applied to the two 
elecitrodcs, the ferroelectric material becomes polarized. This condition of 
polarization will remain after the voltage applied to the electrodes has 
been removed and can therefore be used to represent the storage of one 
Ini of information. It should be emphasized that this storage is not the 
ordinary charge storage of a conventional capacitor; the condition of 
polarization will remain even if the two electrodes are shorted together. 
The direction of polarization may be reversed by reversing the polarity 
of the applied voltage. The sensing of the stored bit of information is 
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achieved through the fact that the amount of current drawn from the 
voltage source by the electrodes is greater when the polarization is 
changed than when it is not changed. If the hysteresis loop is perfectly 
rectangular and if no change in polarization takes place, the amount of 
current would be just sufficient to charge a capacitor with similar dimen¬ 
sions but with air as the dielectric. If the direction of polarization is 
reversed, the current will be many times this amount. In either case, the 

flow of current is temporary and continues only until the new equilibrium 
conditions are reached. 
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Fig. 6-15. Ferroelectric storage 


A slightly more detailed explanation of the storage process will 
given with the aid of Fig. 6-15. A plot of the polarization P of the fu 
roelectric material as a function of the applied voltage E is shown 
Fig. 6-15(a). It is the hysteresis loop represented by this plot that link 
storage possible, because the state of polarization depends on the hintt 
of the applied voltage. Polarization in one direction (positive in 
figure) can be used to represent the storage of a 0, a 1 being represm 
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by polarization in the opposite direction. In general it is desirable that a 
material be chosen which has a hysteresis loop that is as rectangular as 
can be obtained. A loop with ideal properties is shown in Fig. 6-15 (b). 

The basic storage circuit is shown in Fig. 6-15 (c). To write a 1, a volt¬ 
age of negative polarity is applied at the input to the ferroelectric storage 
• « ll E for a short period of time. No pulse, or only a very small pulse, 
appears at the output, because the diode allows current to pass freely 
in this direction. At some later time the storage cell may be sensed by 
applying a positive potential at the input. The current which passes 
11 1 rough the cell when the direction of polarization is reversed also passes 
Mi rough the resistor R and causes a positive pulse to appear at the output 
an an indication of the stored 1. The sensing of the cell resets it to 0 so 
lliat it is necessary to regenerate the 1 with another write pulse if con- 
l inued storage is desired. If the cell is sensed with a positive voltage when 
a 0 is stored, a small positive output pulse will occur from the charging 
of the cell electrodes, which act like a capacitor. However, with ferro- 
clcetric materials which display a large amount of polarization and have 
a hysteresis loop approaching the ideal shape, the ratio between the 
output signal amplitudes for l’s and 0’s can be quite large. 

Ah for all large-capacity storage media, the problems and features 
related to the access of a particular bit are as important as the storage 
mechanism itself. Probably the outstanding potentially attractive feature 
"! ferroelectric storage is that, in principle, a simple access system can 
I" integrated with a simple manufacturing process. In fact, for a large 
mi my of bit storage cells only one piece of ferroelectric material is needed 
mi i'I the electrodes for all cells can be applied simultaneously by depositing 
Imi'-shaped conductors on the ferroelectric by means of an evaporating 
In huique. The ferroelectric material is in the form of a sheet or slab, and 
Mu* bur-shaped conductors are at right angles to each other on the two 
iidi’M ol the slab as indicated in Fig. 6-15 (d), which shows a 16-bit array. 
In Ibis figure the four horizontal bars are indicated as being on the top 
Hide of the ferroelectric material, with the four vertical bars on the 
i evorse side. That portion of the ferroelectric between the intersections 
i»l Mm horizontal and vertical bars constitutes the individual storage 

pells. 

To select a given cell, potentials of magnitude +E and —E with re- 
• |m I lo ground are applied to the corresponding horizontal and vertical 
bn; h, respectively. All other bars are held at ground potential as indicated 
in Mie figure. It is assumed that E is chosen such that a voltage of mag- 
MllUilo 2 E is sufficient to reverse the direction of polarization but that 
I ih not sufficient. All cells except the selected one will receive an applied 
liulniitial difference of E in one direction or the other, but a potential 
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difference of 2 E will be applied to the selected cell. This system is referred 
to as having a 2-to-l selection ratio. 

The selection ratio can be improved to 3-to-l by driving the potentials 
of the nonselected horizontal and vertical bars to potentials of — E/S and 
+E/ 3, respectively. If the nonselected bars are disconnected and allowed 
to float during access to any given bit and if it is assumed that the capaci¬ 
tance of any one cell is the same as that of another, the bars will come 
to potentials such that the selection ratio will be equal to or less than 
3-to-l but greater than 2-to-l. The exact value depends on the size of 
the array, a 2-by-2 array yielding a 3-to-l ratio; but as larger arrays are 
considered the ratio decreases asymptotically to 2-to-l. Access for read¬ 
ing is accomplished in the same manner as for writing except that the 

polarities of the applied voltages are reversed. 

The methods which might be used for providing an output signal re¬ 
gardless of which cell is being sensed are not exactly obvious. An element 
or electrode which is a close analogy to the “sense winding” of a mag¬ 
netic core storage array apparently does not exist for a ferroelectric array. 
It may be noted, however, that the existence of a stored 1 may be detected 
by observing the current either to the horizontal bar or to the vertical 
bar, but it is not necessary to place sensing circuits in the leads to both 
the horizontal and vertical bars. One possible sensing method is shown 
in Fig. 6-15 (e). All of the bars except the selected ones are disconnected 
by means of relay points. The selected vertical bar is connected through 
the load resistor to ground, and a potential of 2 E volts’ magnitude with 
respect to ground is applied to the selected horizontal bar, the polarity of 
the potential being chosen according as writing or reading is to be accom¬ 
plished. Again it is assumed that a potential difference of 2 E is sufficient 
to reverse the direction of polarization in the ferroelectric but that a 
potential difference of E is not sufficient. If the nonselected vertical and 
horizontal bars are returned to potentials of 4F/3 and 22J/3, respectively, 
the potential difference across each nonselected cell will be only 2/J/8 
instead of E , to yield a selection ratio of 3-to-l as before. Note that all 
of the switching and connecting of potentials to the nonselected bars may 
be done prior to the actual writing or reading operation, which is accorn 
plished when the 2 E potential is applied to the selected horizontal but 

A different method of sensing the output from the array is to pass all 
of the leads to one set of bars—for example, the vertical bars—through 
a transformer core as indicated in Fig. 6-15(f). Each lead acts 1 iU<• a 
primary winding on the transformer, and if a current passes in one of Ilia 
windings when the selected cell is sensed, a pulse of voltage will bo m 
duced in the common secondary winding. Some current will flow in each 
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of the leads to the nonselected vertical bars, and the cumulative effects of 
these currents will be objectionable because of the output pulse that they 
will generate even when a 0 is being sensed. By passing half of the leads 
through the transformer in the opposite direction these nonselect cur¬ 
rents can be caused to cancel each other, although it is then necessary to 
provide output-detecting circuits which will respond to pulses of either 
polarity. 

A second important and potentially attractive feature of ferroelectric 
storage is the extremely small volume required by the storage array. 
Dimensional figures which have been quoted as being achievable are a 
bar width of 0.01 inch, a separation between adjacent bars of 0.01 inch 
and a ferroelectric thickness of 0.01 inch or less. With these dimensions 
I he bit density could be nearly 250,000 bits per cubic inch, not counting 

I he volume required for connections, leads, and auxiliary circuits. 

The application of ferroelectric storage has been limited to a few small 
experimental arrays for the reason that suitable ferroelectric materials 
have not been available, though the technology of ferroelectrics is con¬ 
stantly improving. Available materials have fallen short of the require¬ 
ments for large-capacity storage applications in at least four respects: 

(1) In rectangularity of the hysteresis loop, ferroelectric material in 
ceramic form, as used in many conventional capacitors, is quite poor. A 
remarkable improvement in the rectangularity of the loop is obtained by 
lubricating the ferroelectric in the form of a single crystal. The growing 
nf a single crystal of high quality and large size has been the object of 
nuinc intensive research. 

(2) The size and shape of the hysteresis loop is a function of the fre¬ 
quency of the applied voltage. In other words, if a “half select” voltage 
In voltage of magnitude E in the previous discussion) is applied to the 
Murage cell for a long period of time, either continuously or as a series 
of pulses, the condition of polarization in the storage cell can be altered. 

(3) The ferroelectric properties of the material are permanently dam- 
m|mm| by repeated reversals of the direction of polarization, particularly 

II I lie reversals are made at a high repetition rate. 

(4) The characteristics of available ferroelectric materials have been 
objectionably sensitive to temperature. Ambient temperature can be 
coni rolled, but the internally generated heat is a problem when the direc- 
llon of polarization is reversed at the frequencies desired in electronic 
computer applications. 

Even if these problems are not solved, ferroelectric storage may be 
all rodivc in circuits or applications where the requirements are less 
•Irlnffont. 
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Spin-Echo Storage. Spin-echo storage is a form of storage based on 
nuclear spin phenomena. Although there are some serious disadvantages 
and problems in adapting spin-echo storage to a digital computer in a 
practical way, it has been possible to come surprisingly close to a useful 
system through clever design. Spin-echo storage is particularly interest¬ 
ing in that, so far as is known, it is the only computer component which 
has been seriously considered that utilizes nuclear phenomena of any 

kind. 

An appreciable knowledge of theoretical nuclear physics is required 
for a thorough understanding of the spin-echo mechanism. However, the 
basic points can be comprehended fairly well from the laws or ordinary 
classical physics if a few “facts” can be accepted without question. One 
of these facts is that all fundamental particles such as protons seem to 
be spinning at a constant velocity. The spinning positive charge of the 
proton acts like a small electric current passing around a small loop of 
wire and produces a magnetic field that is called the magnetic moment 
of the proton. If the proton is placed in an external magnetic field, the 
axis of spin or the direction of the proton’s magnetic moment will precesH 
around the direction of the external field. The situation is vaguely anal¬ 
ogous to that of a spinning mechanical top. When the top is not in the 
vertical position its axis precesses about the vertical. In the case of nu¬ 
clear particles the frequency of precession is called the “Larmor preces¬ 
sion frequency” and is dependent upon the gyromagnetic ratio of the 
particle and the strength of the applied field, but is independent of the 
angle between the spin moment and the direction of the external field, 
For protons in a magnetic field of 7000 gauss, for example, the Larmoi 
precession frequency is about 30 megacycles per second. J 

There is a force which causes the direction of spin to tend to line up 
with the direction of the externally applied magnetic field. However, 4 
proton will remain in its initial orientation for a period of time before it 
suddenly falls into alignment with the field. The time required for most of 
a large number of protons to align with the field is called the “longitudinal 
relaxation time” and is in the order of 20 milliseconds for the protons in 
the hydrogen atoms in the molecules of liquid water. The storage action 
takes place in a time which is short compared with this relaxation timtl 
It may be assumed for purposes of explanation that the proton spins firs 
initially in alignment with the field, but when they are reoriented Mioy 
will remain in their new state for a substantial period of time. j 

The actual storage medium is the orientation of the spin magnetic inn 
ments of a large number of protons, and ordinary water is a satisfnrlnt y 
substance for supplying and holding the protons. When the storage nml 
is in operation, the spin orientation of any single proton is never kimwn. 
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because the strength of the magnetic field is not measured with an ac¬ 
curacy sufficient to determine the spin orientation after a few cycles of 
precession. In fact, inhomogeneities in the field cause the precession fre¬ 
quency to be slightly different for protons at different positions. Because 
of these differences, the actual orientations assume the appearance of a 
random distribution very quickly after a pulse is stored. It is not only 
possible to achieve binary digit storage with this kind of a distribution, 
but the apparently random distribution is necessary for the storage 
mechanism to work. The steps involved in the process of storing a series 
of information pulses and subsequently recovering them are outlined in 
the following paragraphs. 

The apparatus needed for spin-echo storage is indicated in Fig. 6-16. 
A container for the liquid is mounted be¬ 
tween the poles of a large magnet, and a coil 
nurrounds the liquid with the axis of the coil 
id right angles to the direction of the field 
produced by the magnet. The z direction is 
Indicated as parallel to the magnetic field 
and the x direction is parallel to the coil 
uxin. The y direction is perpendicular to the 
plane of the paper. The magnet is so de¬ 
signed that the strength of the magnetic 
lb Id is nearly uniform through the sample, 
bul the storage mechanism depends on its 
lint being exactly uniform. It may be as¬ 
sumed that all of the proton spins are 
Initially oriented parallel to the z axis. If 
ii current is passed through the coil, the 
direction of the resultant magnetic flux will be shifted away from the z 
iihIm by a small amount, although it will remain in the xz plane. The 
magnetic moment of the protons considered collectively will then precess 
id milt this resultant direction. If the current is made to alternate at the 
I armor precession frequency, it can be shown that the direction of this 
magnetic moment (spin vector) will execute a spiral, the angle between 
H and the z axis increasing linearly with the product of the current 

strength and the time. 

After the alternating current is removed, the spin vector will precess 
iibout the z axis with a constant angle between the spin vector and the 
# a via. Since the magnitude of the external field is not exactly the same 
•ii idl points in the liquid, the precession frequency will vary somewhat 
(mm one proton to the next. When the spin vector of each proton is 
considered individually, it will bo observed that each vector has a com- 





z 


Fig. 6-16. Basic apparatus r< 
quired for spin-echo storage 
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ponent which is constant in the 2 direction and another component which 
is rotating in the xy plane. The individual components rotating in the 
xy plane will soon get out of phase with one another because of the dif¬ 
fering frequencies; in fact, they will become randomly distributed in the 
xy plane. A burst of several cycles of high-frequency current can be used 
in this manner to store one bit of digital information. The problem is 
now to recover the bit of information. 

Recovery is achieved by applying a “reading pulse” to the coil. The 
reading pulse is a burst of high-frequency current the same as before 
except that the amplitude and duration are chosen such that each spin 
vector is “spiraled around” to a position which is rotated about the x 
axis through an angle of 180° from the position the vector would other¬ 
wise have. The effect of the motion can be visualized more easily by as¬ 
suming that the pulse in the coil is only a small fraction of a cycle in 
duration but of such extremely large magnitude that the field from the 
magnet is relatively negligible and that the resultant field direction is in 
line with the x axis. The spin vectors will then precess around the x axis, 
and the product of current and time is chosen to provide for 180° of pre¬ 
cession. This rotation about the x axis inverts the phase relationship* 
among the xy -plane components of the spin vectors. At the termination 
of the reading pulse the spin vectors again precess about the z axis in the 

same direction as before. I 

If the reading pulse is applied at time t after the information pulse, 
then at time 2 1 all of the spin vectors will again be in phase. This condi 
tion can be sensed by the voltage induced in the coil. During the time 
that the vectors are out of phase no voltage is induced, but when they 
become in phase an alternating voltage with a frequency equal to Hie 
average Larmor precession frequency is generated in the coil by a mnr 
netic coupling action. This induced signal is called the “echo.” The pror 
ess has been likened to a group of runners racing on a circular track. It. 
is assumed that the runners are started at the same point and that they 
all run with different but constant speeds. After several laps they will ha 
randomly distributed around the track. If they all suddenly turn around 
and race in the other direction, each with the same speed as before, (hey 
will all return to the starting point at the same time. The time required 
for them to return to this in-phase condition is equal to the time wlm [\ 
elapsed between the start of the “race” and the turning around. TM 
analogy would be slightly more accurate (but less realistic) if each run 
ner, instead of turning around, were suddenly shifted from his cum nl 
position to the corresponding position on the opposite half of the track, 
where the halves are as determined by the diameter which passes thmutflt 

the starting point. 
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The storage of the second and all successive information pulses is ac¬ 
complished by the same process used for the first one except that the 
motion of the spin vectors becomes complex and is not easily described. 
Although it is somewhat of an oversimplification, the second information 
pulse may be visualized as operating on those components of the spin 
vectors which remain parallel to the z axis after the application of the 
first information pulse. Note that the information pulses (or absence of 
pulses for stored 0’s) will emerge as a mirror image of the input signals, 
Unit is, in the opposite sequence from which they were entered. 

An alternative storage procedure provides for the return of the infor¬ 
mation pulses in the same sequence in which they were entered. A “start 
pulse” is applied to the coil to rotate the spin vectors 90° away from 
llieir initial position, which is parallel to the z axis. All of the vectors are 
I lien parallel to the xy plane and are precessing about the z axis. Before 
applying the information pulses to be stored, enough time is allowed to 
elapse for the vectors to become randomly distributed in the xy plane as 
a result of the slight inhomogeneity of the external field produced by the 
magnet. When the information pulses are applied the effect is to tilt the 
array of spin vectors so that some of them have components in the posi¬ 
tive z direction and others in the negative z direction. 

To recover the information a “recollection pulse” is applied which 
causes these z components to be rotated into the xy plane. These com¬ 
ponents again precess about the z axis with various Larmor frequencies. 

I localise the tilting effect gave z components to individual spin vectors 
Hint had certain frequency relationships to each other, it turns out that 
llieir different precession frequencies will cause them to become in phase 
It! time t ~ ti+ T, where f t is the time after the start pulse that the 
I'lven information pulse is applied and T is the time between the start 
pulse and the recollection pulse. In a sense, an information pulse selects 
spin vectors that have a certain amount of phase separation from each 
"I her and remembers them by giving them components in the z axis. The 
amount of phase separation which occurred in time U (and which may 

many revolutions of separation) can then be returned to zero in an 
i qual length of time when these z components are returned to the xy 
plane The recovery of the information in the original sequence as pro- 
i nled by this scheme is generally more adaptable to computer use than 
Hie mirror-image sequence. 

The storage of 1000 pulses in normal sequence has been reported when 
using 2 cubic centimeters of a glycerin-water mixture for the storage 
Ini"limn. The delay time was about 1 millisecond. A serious and prob¬ 
ably crucial disadvantage of spin-echo storage is in the fact that infor¬ 
mal Inu cannot be re-entered while it is being recovered, as is possible 
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with ordinary delay line storage. In fact, after the information has been 
stored and recovered it is necessary to wait for the spins to again become 
aligned with the external magnetic field before new information can be 
stored. This amount of time is roughly the longitudinal relaxation time 
which was mentioned near the beginning of this section. The amount of 
information which can be stored and also the time duration for which 
it may be stored is limited by the “transverse relaxation time,” that is, 
the time during which the spin vectors will stay in the proper phase 
relationships with respect to each other as they precess. These relaxation 
times are functions of the physical properties of the medium; solids, inci¬ 
dentally, are not suitable for storage because their transverse relations 
times are extremely short. Many other disadvantages and problems re¬ 
lated to spin-echo storage could be mentioned, and it is therefore not a 
lucrative approach to a digital computer storage system in spite of its 
attractiveness from an academic viewpoint. fl 
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Chapter 1 


STORAGE ON A MAGNETIC SURFACE 


A storage medium which has found wide application in digital com¬ 
puters involves a surface on which a thin layer of magnetic material has 
been deposited. A magnetic head is used to magnetize small areas or 
spots on the surface where the resulting magnetic flux at each spot point* 
in one of two opposite directions according as a 0 or a 1 is being stored, 
The sensing of a stored bit of information is accomplished by means of 
relative motion between the surface and the same or a similar head. The 
changing flux lines that pass through the head induce a voltage, the 
polarity of which indicates whether a 0 or a 1 is being detected. In prill 
ciple, the relative motion could be in any direction, but in all cases to hi 
described it is parallel to the surface in the region of the stored bit. 1 
An outstanding feature of storage on a magnetic surface is that accent 
to a large number of bit positions can be obtained very simply by means 
of the same physical motion that is used for sensing. The exact nature 
of the access mechanism depends upon the surface geometry, which may 
exist in any one of a variety of forms—tapes, belts, drums, and discs being 
the most common. The different mechanical arrangements for handling 
the magnetic surface will be discussed in more detail in later sections of 
this chapter. Here it will just be mentioned that the bit positions an* 
normally arranged in “tracks” along the surface so that the bits in any 
one track pass sequentially in the vicinity of the writing or reading head, 
In most arrangements a separate head is provided for each track, (lit 
selection of the desired track being accomplished by means of elect rind 
switching; but in some applications it is preferable in the interest of low 
cost to employ only one head and mechanically move it from oik* limit 
to another. 1 

Many of the basic design principles of magnetic storage of thin entM 
gory were worked out for the recording of audio signals, and thin work 
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was done prior to the advent of digital computers. However, in spite of 
Mu* fact that there are many points of similarity between the storage 
n! audio signals and the storage of digital data on a magnetic surface, 
I here are also many points of difference. For one thing, the requirement 
*d linear response or high fidelity is not encountered in digital systems. 
'I lierefore, schemes such as high-frequency currents superimposed on the 
information signals to linearize the magnetization characteristic and such 
mh alternating-current erasing for reducing the magnetization exactly to 
»«•*•() are not required for digital work, in spite of their importance for 
nudio recording. On the other hand, a stray pulse which would go un¬ 
noticed in an audio system could cause an error which would have to 
In* corrected in a digital system. Also, the requirements of storage density 
M, id of pulse repetition rates introduce problems for digital storage which 
do not exist for audio recording. 

An important aspect of storage on a magnetic surface is the density 
"dli which information can be stored on the surface. Much of the fol¬ 
lowing discussion will be concerned with the various schemes which have 
been worked out for obtaining relatively dense storage of digital data 
" dli a minimum sacrifice in reliability. The merits of the various schemes 
depend to some extent on the form of the surface, but in most cases they 
cm n be used equally well on tapes, drums, and other configurations. 

Ilasic Principles. A typical configuration for a writing or a reading 
bead is shown in Fig. 7-1 (a). The functional part of the magnetic head 
Iba’lf is merely a piece of ring-shaped magnetic material with a gap at 
• •in point in the ring. Coils are placed on the ring as needed for writing, 
hiding, and erasing. When the magnetic head is placed with its gap in 
i-Imm* proximity to the magnetic surface the lines of flux will tend to pass 
llimugh the magnetic material on the surface instead of across the gap, 
With the result that a region of the surface will become magnetized. 
U liuii the writing current in the head is turned off and the head is re- 
•Miivud, the magnetized region of the surface is similar to a tiny bar mag- 
IlH with the lines of flux returning through the air from one end of the 
bin In the other. Now if the same or a similar head is returned to the 
mm r.imil position with respect to the magnetized region, the flux lines 
b "in I ho surface will tend to pass through the low reluctance path pro¬ 
vided by the magnetic head instead of through the air. The changing 
Ibis in the coils on the head will induce a voltage, the magnitude of 
^lb« b will depend upon the rate of change of flux and upon the number 
III I mi is in the coil. For a large voltage amplitude signal when reading 
H h desirable to have a high relative velocity between the head and the 
liftitgtieticed region on the surface. 

I Ini details in the structure of magnetic heads vary greatly from one 
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design to the next, but a somewhat clearer visualization of the storage 
process can be obtained from Fig. 7-1 (b), which shows an enlarged view 
of the pole tips on a typical magnetic head. The dotted lines indicate 
lines of flux. In the absence of the magnetic surface in the vicinity of the 
gap, most of the flux lines would pass directly across the gap although 
there would also be a fringing effect which would cause an appreciable 



(b) 


(c) 


Fig. 7-1. Magnetic surface recording. 


number of them to pass outside of the gap. When the magnetic surUfll 
is near the pole tips, as shown, a large fraction of the flux lines pass nl«ni|| 
the surface and cause it to be magnetized. (The surface here has a Illicit* 
ness and is not a surface without thickness in the mathematical scum* I 
It is usually stated that the strength of the magnetomotive force (nunf I 
is great enough to cause the surface to be magnetized to saturation. Ilmv* 
ever, such a statement often requires some interpretation. Although lh| 
region between the pole tips can easily be brought to saturation levtl|l 
there is obviously a fringe area at the ends of the region where the nut 
netomotive force is not great enough for saturation. Since the head 
the surface are usually moving with respect to each other during wi 
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as well as during reading, the fringe area may be appreciable because of 
I he time required to build up the current in the write coil on the magnetic 
head. Also, with some of the high-density recording schemes to be de¬ 
scribed it will be apparent that the elementary picture of small regions 
magnetized to saturation will have to be modified. Fig. 7-1 (c) shows a 
qualitative plot of the magnetic flux in the region after the head has been 
removed. Some of the flux lines apparently return oh the opposite side 

°r I he surface as evidenced by the fact that it is possible to read a mag¬ 
netic tape from either side. 

'The detailed nature of the flux pattern becomes even less clearly de¬ 
fined when the information bit is recorded on a surface that was not 
originally in an unmagnetized state. In digital computers it is a common 
practice to record new information “on top of” the old information and 
In depend on the writing process for erasing the old information. Since 
Hie writing head is capable of carrying the surface to saturation in the 
legion of the gap, this erasing process is effective although it is not easy 
In determine the precise pattern of the flux lines in the fringe region. 
Most of the studies on high-density recording have apparently been 
made without a serious attempt to relate the results to the detailed na¬ 
ture of the flux pattern. 

The spacing between the pole tips is usually 0.001 inch or less, and 

I he thickness of the magnetic surface is also of the order of 0.001 inch. 

II is desirable that the separation between the pole tips be small for 
dose packing of the information bits on the surface, but lower limits on 
Huh dimension are encountered from fluctuations which occur in the dis- 
lunce between the head and the surface and from mechanical design 
considerations. A very thin magnetic surface is desirable in order that it 
may be easily magnetized to saturation throughout its thickness, but 
If 1 1 is too thin, it cannot retain enough flux for an adequate signal am- 
|»litiidc when reading. There are also obvious mechanical problems with 
unlaces which are excessively thin. In the case of magnetic tapes, the 
••m l uce is held in contact with the magnetic head. While operation with 
Min head and surface in contact is the most desirable from the stand- 
pmnlM of information density and signal amplitude, it is necessary to 
liiiilntain close control of frictional wear and surface blemishes. When 
Hie I ape is passing the head at high speed, a small particle or bump on 
Hi.- !ape can create errors by pushing the tape away from the head and 
Hirivhy cause the signal amplitude to be greatly reduced. In the case of 
limgnol ic drums, the head is usually mounted a small distance away from 
Hu- drum surface, the amount of separation again being of the order of 
0.001 inch. 
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For reading, the direction of relative motion between the head and the 
surface (as indicated in Fig. 7-1) can be perpendicular to the plane of 
the paper or it can be to the left and right. The latter direction of mo¬ 
tion is used almost universally because a higher bit density can be 
achieved. The form of the output signal which is obtained is indicated 

in Fig. 7-2(a). Since the voltage is de¬ 
pendent upon the time rate of change of 
the flux in the reading head, there arc 
two voltage peaks of opposite polarity. 
One peak occurs when the flux is increas¬ 
ing at its maximum rate, and the other 
occurs when the flux is decreasing at its 
maximum rate. The first peak is positive 
or negative (for connections of a given 
polarity to the reading coil) in accord¬ 
ance with the direction of the ston'd 
flux lines. Note that the polarity of tin* 
output signal is independent of the di 
rection of motion. 

If the output signal is integrated, the 
resulting wave shape will have one peak, 
and this peak will correspond to the 
position and time when the flux through 
the reading head is a maximum. If the 
output signal is differentiated, three peaks will be present in the resulting 
wave form. The first and third of these peaks will be of the same polarity, 
and the second will be of opposite polarity with the area under the second 
peak being equal to the sum of the areas under the first and third penlui 
The significance of these wave forms will be more apparent when thtt 
various coding schemes and sensing circuits are described. The integral ei| 
and differentiated signals are shown in Fig. 7-2(b) and (c), respectively, 
The polarity of the central peak is, of course, dependent on whether a 0 
or a 1 has been stored. 

Magnetic Head Design. Certain aspects of magnetic head design ImVt 
been reduced to mathematical procedures. However, the complcxiiieM in 
volved in determining the flux paths require simplifications to bo um 
sumed that are not always realistic. Of the numerous designs which ImVI 
been produced commercially it is not clear to what extent the doMgiil 
were the results of precise analytical procedures or of empirical experl* 
mentation. The situation seems to be that the limitations in m:i"iiHlO 
surface storage are set by stray dirt particles, frictional wear, elorlneiil 
noise, precise mechanical tolerances, and other considerations for whirl 


Fig. 7-2. Output signal from mag¬ 
netic head: (a) voltage, (b) volt¬ 
age integrated, and (c) voltage 
differentiated. 
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minor improvements in the parameters of any given design are not of 
spectacular value. On the other hand, outstanding progress has been 
achieved through new techniques in coding the stored information, new 

techniques in interpreting the returned signal, and in radically different 
head configurations. 

From a qualitative standpoint some of the more important factors in 
magnetic head design are as follows. In the interests of low writing cur¬ 
rent and large reading voltage the reluctance of the magnetic path in the 
head should be small; a short path, a large cross section, and a material 
nl high permeability are therefore desirable. Also in the interests of low 
writing current and large reading voltage there should be a large number 
<>! (urns on the respective coils. However, for simplicity of construction 
and small size it may be preferable to hold the number of turns to a 
minimum. The inductance of the coils must be considered too, particu¬ 
larly in the case of writing where the relatively large inductance created 
l»y a large number of turns may require unduly large voltages for turning 

* ht* current on and off in the time available. As mentioned before, the 
K.Hp spacing should be small to provide for a close packing of informa- 
Imn, but a small gap also produces a large voltage output when reading 
because the flux change occurs over a shorter distance and therefore over 
m shorter period of time. There is a limit to the amount of voltage in¬ 
crease that can be obtained by reducing the gap spacing, and this limit 
i i a result of the fact that the total number of flux lines which can pass 
liom the interior of the magnetic surface is severely limited for very 

small gaps. 

Another parameter which can be varied to increase the voltage output 
In the “width” of the head and gap (the dimension perpendicular to the 
|mpcr in Fig. 7-1). The amount of flux is directly proportional to the 
dimension in this direction; the compromise in this case is with the den- 
nly of recording in terms of the number of parallel tracks per inch. The 
xltrw of the surface or the head is an important consideration also. There 
should be a minimum, preferably none at all, of residual magnetization 
in (he head. The geometry of the pole tips should be designed so that 

• In n’ is as much fringing as possible of the magnetic flux lines in the 
direction perpendicular to the magnetic surface, but this fringing should 
I" limited as closely as possible to the region of the gap. One consequence 
id Hi is requirement is that the pole tips should not be in the condition 
id Maturation when writing. In general the magnetic head with its wind- 
ini'M and associated circuits must be capable of passing a wide band of 
frequencies as required by the information pulses, which means, for one 
Hung, (hat it is necessary to guard against unexpected resonances. 

I'W the high-frequency components of the signals usually used in mag- 
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netic recording it is desirable to eliminate eddy currents to improve the 
response of the core and to reduce the power loss. For this reason the 
core part of the magnetic head is either built up of laminated sections as 
in a transformer or composed of a ferrite material which has a high re¬ 
sistivity. j 

It is interesting to observe that the numbers of turns that have been 
chosen for the windings in different head designs have varied from a 
single turn up to 430 turns and perhaps more. In the case of the single¬ 
turn head the objective was simplicity in head construction, pulse trans¬ 
formers being used for current amplification when writing and for voltage 
amplification when reading. In the case of the large number of turns 
more importance was assigned to the simplicity of the associated circuits. 

A radical departure from conventional magnetic head design involves 
the elimination of the magnetic material used for transporting the flux 
from the winding to the storage surface. Instead, a short length of fine 
wire is placed close to the surface, and the flux around the wire passes 
through the surface with a pattern similar to the flux pattern obtains I 
from a long narrow gap in a conventional head. Pulse transformers are 
required for the same purposes as required for the case of a single-turn 
winding on a conventional head as mentioned above. The difficulty with 
this simple scheme is that the fringing effects are relatively great and 
very small dimensions must therefore be used for reasonable storage den 
sity. Nevertheless, the idea is not out of the question, and it has been the 
object of experimental work at the Harvard Computation Laboratory. 
A variation of this scheme employs a strip of foil as a conductor with it 
magnetic material to provide a more concentrated return path for tlio 
flux on the side of the conductor opposite the storage surface. A sketch 
of the basic configuration is shown in Fig. 7-3, where an end view of Ihn 
conductor appears. The foil provides a relatively low resistance path, hut 
all of the flux must pass around the conductor and into the region of 
the storage surface. Another way of interpreting this configuration i« 
that it is a conventional head with a winding of one turn, this one turn 
being placed in the gap. A head of this type, called a “one-turn” head, 
together with some auxiliary ideas relating to low-inductance leads and 
built-in pulse transformers, has been carried to an advanced stage of 
development at the Hughes Research and Development Corporation 
The Return-to-Zero Method of Recording. Probably the inoU 
straightforward method of recording digital information on a magnet l| 
surface is to apply a pulse of current in one direction through the mrtg« 
netic head for a 0 and a pulse in the opposite direction for a I This 
method is called the “return-to-zero” or HZ method because the ciim ut 
returns to zero between bits of information. In nearly all application* 
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the surface and head will be moving with respect to each other during 
the writing process as well as during reading. Therefore a plot of current 
as function of time is closely analogous to a plot of magnetic flux in the 
surface as a function of distance along the surface. However, each pulse 
of current can, in principle, be extremely 
short in time; the necessary (or undesir¬ 
able) spreading along the surface will re¬ 
sult from the flux pattern produced by the 
head. 

'There are two minor variations of the 
HZ recording method that should be men- 
tioned although they are not often used. 

Both involve the use of pulses for the stor¬ 
age of I s and no pulses for 0’s. In one 
variation the magnetic surface is initially 
in the demagnetized state and in the other 
Variation the surface is initially mag¬ 
netized to saturation. The output signals are approximately the same in 
Hie two cases. The difference in the merits of the two variations is mostly 
a matter of the relative convenience of alternating-current erasing for 
leaving the material demagnetized or of direct-current “erasing” for leav¬ 
ing the material in a condition of saturation. These variations have the 
ml vantage of simplicity, but have the disadvantage that old information 
i* not automatically erased when new information is recorded at the 
Maine place. 

As was indicated in Fig. 7-2, the recorded information can be extracted 
bom the output voltage directly, the integrated output signal, or the 
differentiated output signal. Circuits for any one of these three reading 
systems can be developed through the use of sampling, clipping, and 
other conventional pulse circuit techniques. At first glance the differen¬ 
tia! ed signal appears to be the most attractive one to use because of the 
relatively sharply defined wave form at the exact center of the recorded 
la! However, differentiating circuits tend to be sensitive to noise pulses, 
and this factor must be considered in making a choice. More serious 
problems are encountered when attempts are made to pack the informa- 
I Ion bits very close together on the surface, and the remainder of this 
•motion will be devoted to this phase of the subject. 

\ plot of the pulses of current required for the storage of a sample se¬ 
quence of binary digits by the RZ method is shown in Fig. 7-4(a). The 
distance allotted to the storage of one bit is called a “cell.” The individ¬ 
ual rolls are indicated in the figure along with the binary value stored in 
•will coll. Since the velocity of relative motion between the head and the 
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Fig. 7-3. A “one turn” mag¬ 
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surface is usually constant, the horizontal dimension of this and the fol¬ 
lowing graphs may be viewed as representing either distance along the 
hi irface or time. The plot of flux as a function of distance (or time) is 
uliown in Fig. 7-4(b). When portraying flux in the surface it is somewhat 
difficult to give a true representation of the flux magnitude. It is best to 
consider the flux plot as being that amount of flux which passes through 
Mm reading head as the head is moved over the region where the informa¬ 
tion is stored. The voltage output, E , is proportional to the time deriva¬ 
tive of this flux through the head. Since the velocity of motion is usually 
constant, the voltage may be viewed, if preferred, as being proportional 
to I lie distance derivative of the flux. For large spacing between the bits 
I liis voltage appears qualitatively as indicated in Fig. 7-4(c). 

When the bits are close enough together for there to be a slight inter¬ 
ne! ion between adjacent bits, the flux and output voltage are approximately 
i*n indicated in Fig. 7-4 (d) and (e). When the bits become close together it 
i<i not too clear what the exact nature of the flux pattern is like in any 
icnlistic situation. Consider, for example, two Fs recorded with only a 
Mini 11 interval between them. After the magnetic head is removed, the 
"heads” of the flux “arrows” from one bit can join with the “tails” of 
I lie llux arrows from the other bit. The resulting flux lines will then exist 
In ii loop comprising the two bits together, and when the reading head is 
brought into the vicinity of the bits these flux lines may be inefficient in 
Publishing flux lines around the core path of the head. In fact, when 
tin example is carried to the extreme of a large number of l’s recorded 
mill practically no separation between, the effect would be substantially 
I lie mime as though the surface were being erased by a direct-current 
• nixing circuit that magnetizes the surface to saturation in one direction. 

i i inversely, a 1 and a 0 recorded adjacent to each other could be effec¬ 
tive in forcing the flux lines into the region above the surface in such a 
Mmiiuer that the rate of change of flux in the reading head would be 
iim /Her than otherwise. All of this explanation is for the purpose of em- 
I'liiihiziiig that the details in flux plots should not be interpreted too lit- 
1 ' 1 ‘idly. 

II I lie information bits are brought closer together than portrayed in 
I Itf 7-4 (d) and (e), the situation is somewhat as indicated in Fig. 7-4(f) 
•md (g). The flux amplitude does not change much between successive 
l'» nr HUcccsive 0’s, but there is a large change when passing from a 0 to 

ii I or from a 1 to a 0. Accordingly, the output voltage signal is small 
••urepl, when there is a change in the value of the stored bit. For even 
limillcr Npacings between adjacent bits, no attempt will be made to por- 
imy I be recorded (lux pattern, but the out put voltage wave form is found 
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to be as indicated in Fig. 7-4 (h) and (i). In these last two plots the scale 
is assumed to be progressively greater, although the individual cells are 
drawn in line with the plots above for comparison purposes. In Fig. 
7-4 (h) the effects of a given bit are noticeable for bits two or more cells 
away, and in some cells the output signal is of the same polarity at all 
times in spite of the two distinct pulses of opposite polarity that are 
characteristic of RZ recording when the bit spacing is larger. In Fig. 
7-4 (i) the scale is expanded further, and the bits are assumed to be 
packed very closely together. At this density even the characteristic 
pulse shape is lost, and some of the stored bits can be recognized only 

by slight fluctuations in an otherwise smooth curve. 1 

With all of the output voltage wave forms in Fig. 7-4 there is one 

characteristic that can be used to distinguish 0’s from l’s. Note that m 
any cell where a 0 is stored the output signal is more positive in the sec¬ 
ond (right-hand) half of the cell than in the first (left-hand) half. Con¬ 
versely, the signal goes from a relatively positive to a relatively negative 
potential in each cell where a 1 is stored, even though the absolute mag¬ 
nitude of the potential may not change sign. By making use of this fact 
the stored information may be extracted from the output voltage. The 
procedure is to pass the output signal through a delay line where the 
amount of delay is equal to one half of the time corresponding to one cell. 
The delayed signal and the original signal are then combined in a sub¬ 
tractive manner so that a signal representing the difference between them 
is produced. It can be seen that if the original signal is subtracted from 
the delayed signal, the difference will be positive or negative according 
as the potential of the original signal is decreasing or increasing, reaper- 

tively. 

The wave form of Fig. 7-4 (i) corresponding to a very close packing 
density is reproduced together with its delayed counterpart in 1' l||i 
7-5(a). The difference signal is shown in Fig. 7-5(b). For accurate senfl 
ing of the polarity of the difference signal, it is amplified and clipped an 
indicated in Fig. 7-5(c). The jagged portions of this curve represent. n«. 
gions where the amplitude of the difference signal is small and its polai ily 
may be indeterminate, but these regions are not the portions of the signal 
which contain the information. The binary bits of information are eg* 
tracted from the amplified and clipped difference signal by sampling tlil« 
signal with clock pulses that occur in the second half of each cell p<"c»l, 
Positive clock pulses are shown in Fig. 7-5 (d), and the coincident pnlaol 
representing the stored l’s of the example are shown in Fig. 7-5(el. Ne(k 
ative clock pulses could have been used instead to sample for O’i. Jj 
measure of checking can be obtained by using clock pulses of both polafU 
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Fig. 7-5. Cancellation sensing of closely spaced bits in the RZ system. 

lies and noting that one and only one output signal should be obtained 
for each cell, but this check is not thorough. 

A sensing system of the type described has been used for pulses re- 
■ nrded in the RZ system at densities up to 880 bits per inch when the 
magnetic head was in contact with the storage surface. At this bit den- 
••Hy it was reported that an appreciable factor of safety still remained. 
Kitoi’h can, of course, be introduced when blemishes on the magnetic 
"Image surface cause flux pattern variations that extend over an appre¬ 
ciable fraction of a cell. 

The Problem of a Long Sequence of Successive Digits of the Same 
Value. A limitation in the system illustrated in Fig. 7-5 is encountered 
wlirn I lie recorded information happens to contain a long sequence of 

• um'ssive 0’s or of successive l’s. For long sequences of binary digits of 

• lie Mimic value the amplitude of the voltage output will not drift to the 

• vlriit indicated in Fig. 7-5(i) for three or four successive digits of the 
pmu iin value. Instead, the amplitude will remain relatively constant during 
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the cell periods corresponding to the digits which are not near the begin¬ 
ning or the end of the sequence. At the high pulse densities the ripple 
caused by the return-to-zero nature of the recording may not be of suf¬ 
ficient amplitude to produce a satisfactory output signal. One method 
of overcoming this limitation is to encode the stored information in such 
a manner that at least one 0 and one 1 will be present in each small 
group of binary digits. When coded groups of the binary digits are being 
used to represent information which is actually in decimal or alphabetic 
form, for example, a suitable coding system is not difficult to find. A 
coding system of this type is not possible when the stored information is 
in the form of random binary numbers. However, in applications 
where redundancy digits are used for error-detection purposes, it is some¬ 
times possible to select and distribute these redundancy digits in a man¬ 
ner which will limit the number of binary digits of the same value that 
will appear in succession. 1 

Another solution to the problem mentioned in the previous paragraph 
is to employ negative as well as positive sampling pulses for making an 
independent determination of whether each individual stored digit is it 
0 or a 1. Then if the output signal from the magnetic head is very small, 
as it might be during a long sequence of digits of the same value, it may 
happen that the sensing circuits will fail to produce the indication for 
either a 0 or a 1 in some of the cells. In this case the correct value of the 
stored digit may be deduced by means of logical circuits, the determina¬ 
tion being based on the information stored in previously sensed cells. For 
example, when the sampling pulses determine a digit to be a 1, it i ■ 
known that the next time a 0 is sensed a large change in the output mil¬ 
age will be created. Therefore, the absence of this large change in I In 
next cell can be used as an indication that the digit stored there is an 
other 1. Similarly, if the previous digit is known to be a 0, the absenn* 
of a definite indication for either a 0 or a 1 can be used to deduce ilia! 
the digit in question is a 0. With this system it is necessary that thfl 
logical circuits be given the proper information at the start of the mil 
quence. The details of how the starting information could be providwl 
would depend on the application. One method would be to adopt the pm 
cedure of always recording a 1 and then a 0 at the beginning of nil'll 
series of binary digits to be recorded on the magnetic surface. W in a 
sensing the information the first 1 and 0 would be used to get the logical 
circuits started properly but would otherwise be ignored. 

Differentiating the Output Signal with RZ Recording. It nmy I ill 
observed that the cancellation method of analyzing closely spaced diglU 
in the RZ system is, in a sense, a form of differentiation. As the ini ri val 
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of delay between the two signals in Fig. 7-5 (a) is decreased the difference 
signal approximates the true differentiated value more closely. The am¬ 
plitude of the difference signal would become smaller, however, and there 
would be a need for a corresponding amount of amplification. Also, be¬ 
cause of the need for amplification, the effect of stray noise pulses 

becomes greater as the delay interval is decreased and the true differen- 
tinted signal is approached. 



Time 


I'm. 7-6. Differentiation at high bit densities with the RZ recording method. 

There is, nevertheless, an advantage in using the true differentiated 
-'igmil, and this advantage is in the fact that the stored information can 
he made available a fraction of a cell time sooner that with the cancel- 
lolion method which was described. To illustrate this point, the output 
cimml of Fig. 7-4(i) is reproduced in Fig. 7-6(a). Note that this .signal 
l« negative-going (has a negative derivative) at the center of each cell 
where a 1 is stored, but is positive-going at the center of each cell whore 
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a 0 is stored. The differentiated value of the output wave form is shown 
in Fig. 7-6 (b). The information is extracted from the differentiated signal 
by amplifying, inverting, and clipping it as indicated in Fig. 7-6 (c) and 
then sampling it with clock pulses timed at the center of each bit cell as 
in Fig. 7-6 (d). The output information pulses are shown in Fig. 7-6 (e), 
and it may be noted that they are not delayed with respect to the original 
pulses of writing current in the magnetic head. A system of this type was 
developed for use with the ED VAC computer. j 

If at high bit densities the stored information contains long sequences 
of the same binary digit, it may be that the ripple-type of signal from the 
magnetic head will be too small to produce a usable output from the dif¬ 
ferentiating circuit. This problem is substantially the same as encoun¬ 
tered with the cancellation type of sensing, and the same solutions will 

apply. ... 1 

The Non-Return-to-Zero Method of Recording. When the individual 

writing current pulses are spread out in time (or distance) so that they 
occupy a full bit cell the recording method is called “non-return-to-zero" 
or NRZ. The reason for the name is that the pulses lose their individ¬ 
uality, and the writing current does not return to zero between successive 
0’s or successive l’s. Instead, the storage surface is continuously magnet¬ 
ized to saturation in one direction or the other with the direction of 
magnetization being reversed when a 1 follows a 0 or when a 0 follows a 
1. The NRZ storage method is illustrated in Fig. 7-7 (a) and (b). The 
writing current, 7, flows at all times in one direction or the other in ac¬ 
cordance with whether 0’s or l’s are being recorded. A plot of the mag¬ 
netic flux in the surface would follow the current wave form roughly 
The output voltage, which is the derivative of the flux, appears as dis¬ 
crete pulses whenever the stored information changes, and the polarity 
of the pulse is dependent upon the direction of the change. Since there hi 
a maximum of only one flux reversal per bit, the bit density on the hut 
face for NRZ recording can be twice that possible for RZ recording when 
ordinary amplitude sampling circuits are used for interpretation in each 

case. 

When an attempt is made to pack the bits as close together as possible, 
the situation is as shown in Fig. 7-7(c) and (d). Here the cells are drawn 
smaller, and also the scale is expanded, as evidenced by the fact that Min 
output voltage pulses, E, are broadened considerably. If the output wave 
form is sampled by clock pulses at times corresponding to the beginning 
of each cell period, errors will occur unless some provision is made to 
discriminate between the amplitude levels at different points in the wuv# 
form. The source of the errors can be observed in Fig. 7-7(d), where Mi< 
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vertical lines indicate the polarity and amplitude of the pulses that 
would be obtained after sampling. It is apparent from the figure that a 
positive pulse, for example, represents a change from the sensing of 
stored 0’s to the sensing of stored l’s only in the case where the positive 
pulse is not followed by another positive pulse of greater amplitude. A 
similar remark can be made about the negative pulses. To interpret the 
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Fig. 7-7. NRZ storage method. 


mu! put signal correctly it is necessary to store each sampled pulse for a 
! line duration corresponding to one cell time. A circuit which is respon¬ 
sive I o signals above a certain threshold level is then called into action. 
The determination of whether or not the peak of the output wave form 
Iiiin been found is thereby made one cell time or pulse period after the 
mi l ot Mint ion has passed. The logical configuration of flip-flops and switch¬ 
ing circuits needed to convert the NRZ coding to any other desired code 
mu be worked out in a straightforward way. For bit spacings closer than 
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indicated in the figure it is conceivable that circuits selectively respon¬ 
sive to more than two different voltage levels could be used, but a con¬ 
siderable sacrifice in reliability should probably be expected. | 

An alternative way of interpreting the wave form of Fig. 7-7 (d) is to 
employ the same delay and differencing idea that was described for the 
RZ method. In this case for maximum amplitude of the difference signal 
the amount of the delay should be approximately equal to one cell time 
instead of one half of a cell time. If the original output voltage wave 
form is subtracted from the delayed wave form and if the difference is 
sampled at the beginning of each cell time, the first positive sample oc¬ 
curring after a negative sample will be a definite indication that tin* 
sequence has changed from 0’s to l’s. A similar situation holds for the 
first negative sample and the change from l’s to 0’s. As with the other 
method of interpretation, the value of each bit is not known until one 
cell time after the corresponding flux pattern has passed under the read¬ 
ing head. The amount of delay can be shortened at the expense of ampli¬ 
tude in the difference signal. Again, the configurations of logical circuits 
needed to convert from the NRZ code to some other code are not difficult 
to find. 1 
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Fig. 7-8. Modified NRZ recording method. 1 

Modified Non-Return-to-Zero Method of Recording. A modifieui ion 

in the previously described NRZ recording method is to alternate 1 the di¬ 
rection of current flow each time a 1 is to be recorded but to allow Urn 
current to flow in its original direction for a 0. The wave forms for llul 
writing current and the resulting output voltage are given in Fig. 7 H For 
the most part, the characteristics of this modified method are the same m| 
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described previously. The major difference is that an active pulse is received 
each time a 1 is sensed. This feature is important where the exact loca¬ 
tion of the recorded information is not known in advance and must be 
determined from the location of the output pulses. On magnetic tape, for 
example, where several channels are recorded in parallel, it is possible to 
code the stored information in such a manner that there is at least one 1 
in each row of bits across the tape. The location of each row can then be 
determined from the output signals, and separate clock pulses are not 
needed. It would be awkward if not impossible to provide this feature 
with the conventional NRZ recording method. The alternating polarities 
of the output pulses can easily be rectified by means of circuits. 

I he Correlation Reading Method. Another method of sensing infor¬ 
mation stored on a magnetic surface involves inverting and delaying the 
output wave form and then combining it with the original wave form in 
a gate or and circuit. The purpose of the scheme is to provide accurately 
limed output pulses that do not require clock pulses for their identifica- 
liou and are not sensitive to the amplitude of the signal from the reading 
head. 

1 o o o t i t 
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Fig. 7-9. The correlation method. 

The current wave form for writing is similar to the RZ system with 
nidy 1 n being recorded, with the difference that a reverse current is 
maintained in the head at all times except when the current pulses for 
I'tt are present. This wave form is shown in Fig. 7-9(a), and the output 
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voltage wave form is approximately as indicated in Fig. 7-9 (b). Note 
that the point at which the output signal crosses the axis from the posi¬ 
tive to the negative side is a reasonably accurate indication of the loca¬ 
tion of the stored 1. The output wave form is duplicated twice in Fig. 
7-9 (c), where it is shown after an inversion in one case and after a 
small amount of delay in the other case. The darkened areas indicate 
the intersection of these two signals such as would be obtained from an 
and gate that is responsive to voltages of positive polarity. The output 
from the gate can be amplified to form pulses which represent the stored 

binary information. 

The amount of delay required is not critical, although a compromise 
is required between the amplitude of the signal through the gate and the 
accuracy in locating the crossover point. An advantage of this sensing 
method is its relative insensitivity to noise pulses, particularly in com¬ 
parison with the differentiated output signal, which is an alternative ar¬ 
rangement for finding the crossover point. , j 

The Double-Pulse Method of Recording. It is possible to avoid some 
of the problems encountered with previously described recording meth¬ 
ods by using two pulses of current in the writing head for each bit to bo 
recorded. If the two pulses are in opposite directions, there will be a! 
least one peak of reasonable amplitude in the output voltage wave form 
for each bit. This situation is in contrast to that of the other system* 
where the writing current remained in the same direction over many In! 
cells when certain sequences of 0’s and l’s were recorded. The need for 
the properties of the double-pulse system is greatest, of course, when flic 

recording is done at high bit densities. 1 

The individual pulses can be of the RZ type or of the NRZ type ill 
indicated in Fig. 7-10(a) and (b), respectively. In either case, a 0 is re¬ 
corded by passing a negative current in the first half of the bit cell an*I 
a positive current in the second half, while for a 1 the currents are posi¬ 
tive and then negative in the respective halves of the bit cell. When mul¬ 
ing, the flux pattern through the magnetic head will follow the input cur¬ 
rent wave form to a rough approximation, and the output voltage signal 

will be qualitatively as indicated in Fig. 7-10(c). J 

At the higher bit densities the difference in output signal between Hi*' 
RZ and NRZ recording currents will be negligible. The RZ method lm« 
a slight advantage with regard to the duty cycle of the writing curivnl, 
but the NRZ method is slightly more effective in erasing previously 
corded information. In either case the output wave form has a peak ncai' 
the center of each cell, and this peak is positive or negative according hi 
whether a 1 or a 0, respectively, had been recorded there. At high bit 
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Fig. 7-10. Double-pulse method of recording. 


densities the amplitude of the peaks will be somewhat greater when the 
"lured information happens to be represented by alternating 0’s and l’s 
limn when binary digits of the same value follow each other in succession. 
Therefore, it is desirable to amplify the output signal by a large amount 
mnl dip the peaks as indicated in Fig. 7-10(d). This wave form can then 
he sampled by positive or negative (or both) clock pulses at the center 
ul each hit cell for determining the value of each bit. Positive clock 
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pulses are indicated in the figure; they are drawn as solid lines for each 
1 that is encountered and as dotted lines for each 0. 

This method of recording is also known as the “phase modulation” 
method. Note that the shape of the output signal would be the same for 
a sequence of l’s as for a sequence of 0’s except that the phase of the 
pulses would be shifted by one half of a bit cell. 

Another scheme for extracting the binary digits from the output signal 
is to delay the signal by an amount of time equal to one half of a cell 
time and then subtract this delayed signal from the original signal. The 
signal with its delayed counterpart is shown in Fig. 7-10 (e), and the dif¬ 
ference signal is in Fig. 7-10(f). It can be observed that the difference 
signal crosses the axis at about the center of the right-hand half of each 
cell and that the crossing is negative-going for each cell containing a 0 
and positive-going for each cell containing a 1. The difference signal also 
crosses the axis in the left-hand half of some of the cells, but this cross¬ 


ing does not add any information to that obtainable from the other 
crossings. The direction of the crossings can be determined by means of 
circuits through amplifying the difference signal and clipping it to a 
wave form of approximately rectangular shape as indicated in Fig. 
7-10 (f). By feeding this wave form through a capacitor (differentiating 
circuit), sharp positive or negative pulses can be obtained which will 
represent the direction of the crossings. The amplifying and clipping 
operation reduces the effect of stray noise pulses in comparison with dif¬ 
ferentiating circuits to which wave forms with smooth curves are applied. 

Alternatively, the crossings can be sensed by the coincidence method. 
To find the positive-going crossovers the difference signal is inverted and 
delayed. When this signal is combined with the original difference signal 
in an and gate which is responsive to positive signals, an output puUd 
will be obtained at each positive-going crossover. Negative-going croniJ 
overs can be found by combining the two wave forms in an and gain 

which is responsive to negative signals. ■ 

The purpose of the system described in the previous two paragraphs i« 
to provide a means for extracting the information from the output signal| 
without the need for clock pulses. However, to achieve this purpose It: 
is further necessary to provide circuits which are capable of determining 
the time separation between crossovers. The rule for distinguishing l*A 
is that a positive-going crossover represents a 1 if it occurs more* limit 
one half of a cell time after the preceding negative-going crossover or If 
the preceding binary bit was a 1. An analogous rule holds for the dlM 
tinguishing of 0’s. In some applications it may be difficult to dctenulll* 
the value of the first bit in a sequence. One scheme which has boon u«|l 
for determining the first bit is to precede the desired information by | 
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string of 0’s and one 1 when recording. Logical circuits can then be de- 
signed which will interpret the string of 0’s as a “get ready’’ signal for 
information starting after the first 1. 

An application of the double-pulse method of recording has been de¬ 
scribed where the bit density was 880 bits per inch with the head in con- 
luct with the recording medium. From the wave forms presented it ap¬ 
peared that substantially higher bit densities would be possible with this 
method. 

The Frequency-Doubling Method of Recording. A method of record¬ 
ing which has been studied at the Harvard Computation Laboratory is 
similar in some respects to the double-pulse method, but a different prop- 


/ 

Writing 


Time-► 

Fig. 7-11. Frequency-doubling method of recording. 

rilv of the storage system is utilized. The writing current pulses for a 
typical sequence of 0’s and l’s is shown in Fig. 7-11. A 0 is represented 
•»y ,vvo pulses of current in opposite directions through the writing head, 
mid a 1 is represented by two pulses of current in the same direction. The 
directions are chosen so that the first of the two pulses in each cell is 
opposite to the direction of the second pulse in the previous cell. The 
I'M' ic principle of the method can be understood by observing the pulse 
p/d lern lor a number of 0’s in sequence and for a number of l’s in sequence. 
I'nr the 0’s the effective frequency of the pulses applied to the system is 
I wire the effective frequency for the l’s because the two pulses repre- 

•M-nling a 1 appear to the system the same as one broad pulse at the high 
hit densities which are used. 

If the system which includes the magnetic surface and the reading 

• imiils is assumed to have an upper limit of frequency response which 
If between the frequencies for l’s and 0’s, the signal from the l’s will 
hr an alternating voltage with peaks at the cell boundaries, but 0’s will 
produce no output at all. With a mixed sequence of 0’s and l’s it is a 
hi Mr difficult to determine from theoretical considerations what the exact 
lm m of the reading signal will be like. However, it can be shown that 

• I..' difference in voltage levels of the output signal at the boundaries of 

cell containing a 1 will be greater than the difference for a cell eon- 
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taining a 0. It has been reported that in at least one set of practical cir¬ 
cumstances the difference for l’s is at least twice as great as the differ¬ 
ence for 0’s with any sequence of 0’s and l’s. 

With this method of recording the output signal is delayed one cell 
time and then combined in a differencing circuit with the undelayed sig¬ 
nal. The differencing circuit is biased so that the difference voltage must 
be above a certain minimum value before a final output is produced. 
This final voltage may be sampled with a clock pulse at the end of eacli 
cell period to determine the presence of Us. With contact-type heads, 
recorded pulse densities up to 1150 bits per inch have been reported for 
the frequency-doubling method. 1 

Static Sensing of a Magnetic Surface. Each of the reading systems 
described in this chapter have required relative motion between the sur¬ 
face and the reading head for the generation of the output signal. Much 
thought has been given to devising a system whereby digital information 
stored on a magnetic surface can be sensed statically, and work on the 
development of a static sensing system has taken place at several differ¬ 
ent laboratories. In spite of the considerable accomplishments which 
have been made in this direction, the problems involved in static sensing 
at reasonably high bit densities are very great, and so far as is kno\Mi 
no static sensing system has ever been used in a digital computer. Tin* 
attractiveness of static sensing is limited in many applications by I he 
fact that motion is needed to gain access to the different storage locM 
tions regardless of whether or not this motion is utilized for sensing. Mc« 
cause of this rather restricted usefulness of static sensing, the treatment 
of the subject will be confined to listing some references in the bibliog¬ 
raphy. 4 

Magnetic Drums. Magnetic drums have been used as the main hu ge 
capacity storage medium in a long list of different digital computers. Ill 
other computers, magnetic drum storage has been used as a relatively 
low-cost auxiliary storage device where electrostatic tubes or magnellfl 
cores were employed for the principal working storage medium been lire 
of their faster access properties. m 

The term “drum” in this instance means a body in the shape of u 
circular cylinder and with a coating of magnetic material on the cylimlrii 
cal-shaped part of the surface (not the ends). The drum is rotated amuml 
the axis of the cylinder, and magnetic heads for writing and reading mil 
mounted in close proximity to the magnetic surface. Each head lln rm 
fore has access to one “track” or line of bit cells around the eimimli i. 
ence of the drum. Usually there is one head per track although for : prclftl 
purposes two or more heads can be mounted at different ponds around 
the drum on one circumferential line. Also, it is possible to move a lead 
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in a direction parallel to the axis of the drum so that one head can gain 

access to two or more tracks. This latter variation is not often employed 

in ordinary computer applications because of the time required to move 

the head mechanically and because the mechanical devices needed to 

move the head and maintain the required tolerances on position tend to 
lie quite costly. 

I lie storage capacity of a magnetic drum is, to a first approximation, 
directly proportional to the area of the cylindrical surface. This area is 
equal to the product of the length and the circumference. The qualifica- 

tion > “ to a first approximation,” is used here because the mechanical 
tolerance problems on very large drums require some sacrifice in bit 
density on the surface. Magnetic drums have been made in a wide vari¬ 
ety of sizes, the diameters ranging from about 2 inches to 4 feet, and the 
lengths ranging from about % inch to 3 feet. Most drums have been de¬ 
ni gned with dimensions between these extremes, of course. 

I lie major limiting factor in bit density in the case of drums comes 
I iom the fact that it is usually deemed desirable to mount the magnetic 
liemls so that there is a spacing of from 0.001 to 0.002 inch between the 
I inids and the drum. The purpose of the spacing is to eliminate frictional 
wear on the head or on the magnetic surface. Because of this spacing 
I lie magnetic flux pattern on the surface as created by the writing oper- 
ul ion is not as sharply defined as is possible when the head and surface 
are in contact. There is a similar loss in resolution from the reading op¬ 
eration. Also, if there is any variation in the spacing, the amplitude of 
Hie output signal will vary accordingly, and the recording and sensing 
•ystern must be designed with more safety factor for the output signal 
lo he interpreted correctly at all times. The variation in spacing can 

. . . eith er by inaccuracies in the dimensions of the drum as manu¬ 
factured (usually a slight eccentricity) or by changes in dimensions 
M MlImg from temperature changes. In most instances the bit densities 
I’liiiMen for magnetic drum applications seem to have fallen in the range 

of W) to 100 bits per inch along the length of a track, although this 
i angc does not necessarily indicate an upper limit. 

The number of tracks that can be placed per unit of length in the di- 
i cel ion of the axis of the drum is to some extent a compromise between 
-image capacity, signal amplitude, and reliability. For large output signal 
amplitudes it is desirable to use a wide head with a correspondingly wide 
hark because the number of flux linkages in the reading coil can then 
I"' made greater. In order to prevent a given magnetic head from sensing 
•I"' flux pattern of an adjacent track through the fringing effect of the 
Ihu, it is desirable to use a large separation between tracks. Both of 
Ihcnc factors tend to reduce the avnilnble storage capacity of a drum of 
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any specific size. Track densities which have been used vary from about 
15 to 30 tracks per inch, although as with most other parameters, the 30 ■ 

is not necessarily an absolute upper limit. 

Another factor affecting the choice of bit density to be used on a drum ■ 
is the ability to alter any single bit on a track. With all of the high- fl 
density recording methods that were described earlier in the chapter it 
was necessary that all bits in a sequence along a path on the surface be 
recorded, sensed, or altered at one pass of the magnetic head along the 
path. It was further necessary that blank space be allotted between bit ■ 
sequences which are to be altered. If the drum is to be used in an applica- I 
tion where these requirements can be met, there is no problem. However, H 
it seems to be the situation that in many drum applications the over-all ■ 
system design makes it highly desirable that the storage unit be capable 
of recording, sensing, or altering each bit individually. When this ability 
is incorporated in a magnetic drum storage unit, the bits must be spaced 

farther apart than would otherwise be necessary. 

The development of a mechanical design whereby the magnetic head 
can be operated in contact with the magnetic surface is an aspect of drum 
storage which has received an appreciable amount of engineering attenJ I 
tion. For contact operation it is important that the surface be very 
smooth and that there be substantially no eccentricity in the drum, 
that contact can be maintained with an extremely light pressure of flic I 
head against the surface. As material and mechanical fabrication tech 
niques improve, contact operation will probably become more attractive I 
because of the higher bit densities which are possible and because of tht^H 

larger output signal which can be obtained. 

The access time for information stored on a magnetic drum is in* H 
versely proportional to the speed at which the drum is rotated. The maxl^^H 
mum access time is the time required for one revolution because the in* ■ 
formation may have passed under the head a very short time prior to (lift ■ 
time it is called for by the computer. On the average for randomly \o^M 
cated information or for information called for at random times Hii< I 
access time is equal to one half of the time required for one revolufiolli^B 
In practice the drum speeds which have been used have ranged ft'OtH^^ 
about 700 rpm to 12,500 rpm. IBM’s type 650 calculator uses a dmill 
rotating at the latter speed. The average access times therefore nuu'M 
from about 43 milliseconds down to 2.4 milliseconds. 

The bit frequencies or pulse repetition rates used with magnetic druinl 
are usually in the range of 50 to 150 kilocycles per second. The bit fflM 
quency is not independent of other drum parameters, but it is cquiilMfl 
the product of the bit density, drum circumference, and rotational 
locity with an appropriate constant of proportionality. 
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The magnetic surfaces used on drums have generally been of three dif¬ 
ferent types. One type employs particles of iron oxide mixed in a suitable 
hinder, deposited on the surface by dipping or spraying, and allowed to 
harden. Either the red oxide, Fe 2 0 3 , or the black oxide, Fe 3 0 4 , is satis- 
lactory; the red oxide is usually chosen because it has a lower coercive 
lorce. In another type of surface the drum is wrapped with a winding of 
magnetic wire, no space being left between the turns of the winding. The 
(Inim is then machined to a smooth surface through cutting away the out¬ 
side half of the wire. The third type of surface is obtained by electroplat¬ 
ing the desired magnetic material or mixtures of materials on the drum. 
All three types have been used successfully, and it is not clear that any 
one type is outstandingly superior to the others. The iron oxide surfaces 
lire the simplest to prepare, but the plated surfaces seem to be generally 
regarded as having superior magnetic and mechanical properties. 

Access Methods for Magnetic Drum Storage. Access to any given 
hit of information stored on a magnetic drum is obtained by employing 
n witching circuits to select the magnetic head corresponding to the desired 

(rack and counting circuits to indicate the time when the desired bit cell 
Im under the head. 

Since the access time for drums is a matter of milliseconds, it is fre¬ 
quently deemed sufficient to use electromechanical relays for the switch¬ 
ing circuits to the magnetic heads. The switching time for relays varies 
widely for the different relay design parameters that may be chosen, but 
1 1 is usually in the range of 1 to 10 milliseconds for relays that are used 
in computers. This amount of time is often much less than the time re¬ 
quired for one drum revolution, although the two times are of comparable 
magnitude. To estimate the net average access time for drums it is neces- 
"/iry to add the switching time to the appropriate fraction of the time 
required for one revolution. In applications where relay switching times 
mo excessive, electronic switching circuits may be employed. However, 
Hie cost differential between relay and electronic switching can be con¬ 
siderable because it is necessary to switch high power level signals for 
willing and relatively low power level signals for reading. Relay con- 
• mH points are capable of handling both high and low power level sig- 
umIh fairly well, but complications are encountered in the design of elec- 
lmnic switching circuits at either end of the power range. Therefore the 
urrd for separate writing and reading amplifiers for each magnetic head 
i greater when electronic switching is used than when relay switching is 

UMt’d. • ■ ■ • ■ • • - • 


Homo work has been done toward the development of special magnetic 
Hue switching circuits for drum head selection. A magnetic material 
having a rectangular hysteresis loop is chosen for the cores. Several varia- 
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tions in the circuits are possible, but the basic idea for writing is to set 
all cores to the 0 state except the one corresponding to the head to be 
selected, and this core is set to the 1 state. The means for setting the 
cores are similar to some of the switch core circuits used in magnetic core 
storage. Then when a pulse of current is sent to all cores in a direction 
tending to set them to 0, an output signal will be generated on a sec¬ 
ondary winding of the core which was at 1, and this output pulse of cur¬ 
rent can be used to drive the magnetic head. Diodes are needed in the j 
head circuit to reduce the flow of current in the undesired direction when j 
the core is initially set to 1. For reading, the signal from the head is ap¬ 
plied to the winding of a core, and the permeability (and therefore the! 
inductive impedance also) of the core is made large or small through the I 
action of a bias current in another winding. By using two such cores with I 
the input winding in series and with independent bias windings, the signal 
from the magnetic head on the drum can be made to divide unequally I 
between the two cores. If a third winding is placed on one of the cores, the! 
output signal will be gated to this winding by means of the bias cur- 
rents. The action of this gate circuit is enhanced by the fact that not! 
only is the voltage large across the primary winding of the core in tliol 
state of high permeability but also the coefficient of coupling between 
windings on this core will be greater. The switching action is obtained by 
the pattern of bias windings on a set of cascaded gates of this type LimlJ 
tations in the selection system are encountered from the non-ideal prop^ 

erties of available cores. 1 

The counting of the bit cells around the periphery of the drum along 

any track requires an extra track called a “timing track.” In its simploiB 

form the timing track consists merely of a continuous senes of l’s rol 

corded around the drum with one 1 in each cell. A counter is used tOj 

count the pulses from the timing track, and any given cell position ll 

located by comparing the contents of the counter with the number rcpr#| 

senting the “address” of the cell. The timing track need not be magnotli 

cally recorded spots of the same kind used for the information tracks, Iftj 

fact, a timing track of this nature has the undesirable feature that It 

cannot be easily restored if it happens to be erased accidentally. An a j 

ternative form of timing track which has been employed satisfactorily M 

obtained by cutting small grooves in the magnetic surface under the lliilj 

ing track head, the direction of the grooves being parallel to the axis 

the drum. The magnetic material left between the grooves can then IM 

magnetized in a convenient way by means of a direct current in the llOM 

This same head can then be used as a source of timing pulses because <>l 

the flux changes produced in the head by the interruptions in the iim|M 

nctic surface. 
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A further requirement of the timing circuit is that the starting or 
“home” position of the track be identified. Again, there is a variety of 
ways by which this requirement may be met. One of the more obvious 
ways is to use a second timing track but with only one 1 recorded around 
(he periphery of the drum. Another way is to employ only one timing 
track but omit the pulse in one cell. A circuit can be designed which re¬ 
sponds to the absence of a pulse in a way which causes the counter to be 
reset to its initial condition on each revolution of the drum. The counter 
can be eliminated by simulating it with a multiplicity of timing tracks. 
I'or example, if there are 1024 cells in any one track, ten timing tracks 
containing 0’s and l’s in an appropriate code are sufficient to provide a 
unique identification of each cell since 2 10 = 1024. 

The access circuits used for finding the proper cell on a track must, of 
course, be synchronized with the rotation of the drum, but it is not al¬ 
ways necessary that the drum be synchronized with the remainder of the 
computer or other digital machine of which the drum is a part. For ex¬ 
ample, when transmitting information to the drum it is possible to send 
I lie “address” of the desired storage cells and the information itself to 
special buffer storage registers at any time convenient to the machine. 
'The withdrawal of the information from the registers for recording on 
Hie drum may be accomplished at any instant required by the drum. 
Similar buffer storage may be used when transmitting information from 
the drum to the remainder of the machine. It may be necessary to pro¬ 
vide interlock circuits to prevent certain things such as the sending of a 
second word of information to the drum before the first one has been re¬ 
corded. Two or more information words can be handled simultaneously 
by using additional buffer storage. 

lu applications where it is desirable to synchronize the drum and the 
niiiainder of the machine it is possible to control the machine by means 
nl clock pulses from the timing track or to regulate the speed of the drum 
by means of clock pulses generated electronically by the machine. Both 

.I hods have been used. The former method is probably the simpler, but 

H cannot always be used when two or more drums are involved. Another 
m MMon for requiring the drum speed to be regulated is found in cases 
where the drum is employed in conjunction with delay lines or other 
devices for which the pulse repetition rate must be held within close tol- 
i unices. 'Techniques have been developed for controlling the drum speed 
w iili an accuracy sufficient to cause the position of the drum to be within 
a nmII fraction of a cell distance from the desired position at any in- 
niiuil Howeve r, these techniques are more in the realm of servomech- 
iuiimiih I ban digital devices and therefore will not be described here. 

Reading and Writing at the Same Drum Cell. For a general-purpose 
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storage medium it is desirable to be able to read information from a given 
location and immediately erase it and write new information at the same 
place. With magnetic drums it is usually necessary to allow one complete 
drum revolution between the reading and writing operations. In at least 
two instances the feature of both reading and writing during one pass of 
the cell under the head has been considered of sufficient importance to 

justify designing special circuits or equipment. 

It may be observed that regardless of the method of recording on the 

magnetic surface the output pulse when reading begins to rise before the 
cell reaches the exact position it had when the pulse of writing current 
was applied. In the case of discrete-pulse recording, which is necessary 
for rewriting in the same cell, there are two output pulses of opposite^ 
polarity, one before and one after the central position of alignment be¬ 
tween the cell and the magnetic head. By amplifying the output signal 
and allowing only that portion above a certain positive threshold level 
to pass, the first of the two pulses can be sensed to determine the value 
of the stored binary digit. Then when the center line of the cell is di¬ 
rectly under the head a pulse of current can be applied to the head in the 
proper direction to write a 0 or a 1 as desired. The writing of the neWj 
digit erases the previous digit. The time between the sensing of the old 
digit and the writing of the new digit is a function of drum speed and 
other factors, but is of the order of two microseconds in practical cuhc«, 
This amount of time is sufficient to allow a number of logical operation* 
to be performed between the reading and the writing if high-speed logical 

circuits are available. 

Another scheme that has been used for writing in the same cell from 
which information was read involves a magnetic head with two gaps. Thl 
head is designed with the two gaps slightly less than one cell width apart, 
The first gap under which a spot on the drum passes is used for reading 
and the second gap is used for writing. In this way the information in ■ 
cell is known before it is erased by the writing current. At the expense of 
a slight increase in the complexity of the addressing circuits it would lid 
possible to increase the distance between the gaps to provide any desired 

delay between the reading and the writing. 1 

Magnetic Tapes. Tape is another commonly used form of magnelW 

storage surface. A particularly important application of magnetic fu|lfl 
is the storage of data to be entered into a computer or the storage (J 
results which have been generated by a computer. In this application, lapfl 
is usually considered to be an input-output medium rather than a sl»ra||d 
medium. However, in other applications the tape definitely serve* ■ 
storage function, although the systems used for obtaining access to ftM 
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specific storage location are different than for cores, drums, or other 
storage media. 

As the name implies, magnetic tape consists of a long strip of flexible 
base material on which a coating of magnetic material has been applied. 
Non-magnetic metal and plastic have both been used successfully for 
I lie base material. In the case of metallic tape the coating is obtained by 
plating with a magnetic material, but the coating on plastic tape is usu- 
nlly an iron oxide that is deposited by dipping or spraying. Several rela¬ 
tive advantages and disadvantages could be cited for metallic and plas¬ 
tic tapes, but the outstanding considerations in the choice between the 
two seem to be cost and availability, and these factors are in favor of 
plastic tape to the extent that nearly all tape units have been designed 
to employ tape of this type. Properties of plastics which might tend to 
make them less desirable for magnetic tape applications include ques- 
l tunable dimensional stability, low mechanical strength, sensitivity to 
humidity and temperature, and susceptibility to mechanical wear. Of the 
\ arious plastic or plastic-like materials that can be used for tapes, Mylar 
lias been found to yield excellent results and has been widely adopted. 

The tapes which have been developed for audio sound recording can 
be applied directly to digital computer applications. An exception is 
I hat quality control procedures relating to blemishes and imperfections 
in (he magnetic surface need to be much more stringent for computer 
service than is necessary for audio service. In fact, the problem of obtain- 
iiia a reasonable length of tape that is totally free of imperfections capa- 
blr of producing errors has been so difficult that in some computer sys- 
b’UiH another approach has been taken. The different approach involves 
b ling the tape before use and marking each defect in such a way that 
Mu' computer can sense it and avoid recording in its vicinity. While there 
|n Home merit to this idea (even on a long-range basis if a substantial 

• •mt differential remains between perfect tape and imperfect tape) it in- 
I hk luces complexities and time delays in the computer system, and it is 
•ml clear that a substantial cost differential will remain. 

I’he storage capacity of a length of tape is, as might be expected, 
•'luHcly related to the area of the tape—that is, the product of its length 
'Uni width. However, the manner in which the tape is used must also be 

• nusldcred in determining its capacity. For example, tape is seldom moved 
P»» • I be magnetic head continuously as in the case of drums; instead, it 
i moved intermittently as needed by the computer and under control of 
lb* computer. Since the sensing of the tape requires that there be relative 
•uulion between the magnetic surface and the head, the portion of the 
bipr under the head when the tape is stopped cannot be used for storage. 
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Further, since the velocity of the motion must be reasonably constant 
to produce output signals of uniform amplitude so that the circuits can 
interpret them properly, the tape moving past the head during the time 
that the tape is being accelerated or decelerated is also unavailable for 
storage. In practice, the distance which must be left between adjacent 
“blocks” of stored information on the tape is in the order of one half 
inch. While this distance is a function of many design parameters in the 
tape unit and may differ from one half inch by a factor of three or more, 
it is always many times the distance between adjacent bits of informa¬ 
tion along the length of the tape in the same block. Therefore, if the 
blocks of information recorded on the tape are composed of a relatively 
few bits, the amount of tape left blank for starting and stopping could 
exceed by a large margin the amount of tape used for storage. I 

To improve the tape performance from the standpoints of storage 
capacity and speed it is frequent practice to group otherwise independ¬ 
ent blocks of information into a relatively small number of large blockl, 
Another idea which can be used independently or in connection with th# 
grouping of blocks is to “interlace” the blocks in such a manner that somn 
blocks are recorded on sections of the tape that are used for acceleration 
and deceleration in the gaining access to the other blocks. In this caw 
more elaborate provisions are required for determinnig the precise tap! 
position on which any given block is to be recorded. Also, provision mint 
be included for identifying the individual blocks when reading. It should 
be observed that it is not usually possible to alter individual bits ol in* 
formation within a block, particularly when one of the high-dciiHity 
methods of recording is used. A common procedure for altering a single 
bit or any part of a block is to read the entire block, store it temporarily 
in some other storage device while altering it, and then rewrite the entire 

block. I 

Other factors affecting the storage capacity of a length of magnetic 
tape are related to the reliability of the storage system. Magnetic tnpd 
even though it is perfect when new, can be the source of errors because of 
its susceptibility to dirt particles, scratches, and wear from friction*! 
contact with the magnetic head when the tape is in use. For this rouNiit 
the bit density along the length of the tape cannot be as great for reliuhll 
operation “in the field” as might seem possible from reliability measure! 
ments made under controlled laboratory conditions. In fact, the design of 
a reliable tape unit through an appropriate choice of physical parameter! 
alone is seldom attempted because the sources of error are so troublesoilll 
that the allowable bit density v ould be too low to be attractive. In: tnul, 
redundant information is recorded on the tape for the purpose of providllli 
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a means for the machine to detect the errors when they occur. However, 
it is not desirable to allow an excessive number of errors to occur because, 
for one reason, error detecting and correcting systems will fail in the 
presence of certain combinations of multiple errors, and the chance of 
failure is great when the error frequency is high. In other words, the 
storage capacity that can be obtained with tape is a function of the par¬ 
ticular compromise which has been chosen for achieving reliable opera- 
lion where the major factors to be compromised are controlled environ¬ 
mental conditions, conservative design, and error detection through the 
storage of redundant information. Bit densities up to 500 bits per inch 
have been used successfully in applications where good control could be 
maintained on the environmental conditions of the tape unit. In other 

important applications the bit density has ranged between 100 and 200 
hits per inch. 

I* i om the standpoint of magnetic considerations the number of tracks 
that can be employed per inch of tape width is roughly the same as the 
number of tracks that can be used per inch of drum length—15 to 30 
I racks per inch. In the case of tapes the magnetic surface does not have 
I he rigidity that it does in the case of drums and it is therefore necessary 
1,1 m °unt all of the magnetic heads in the same line across the width of 
I lie tape. The heads could be scattered around the periphery of a drum, 
because of the need to mount the tape heads together, the physical size 
of the heads is a limiting factor in track density. In at least one design 
of tape unit the heads can be shifted laterally so that one set of tracks 
nm be utilized when the tape is moving in one direction, an interleaving 
*i't of tracks being utilized for motion in the opposite direction. 

I lie tape width is limited by the amount of skew which can be toler¬ 
ated. When it is necessary that all bits on a line across the tape be re¬ 
corded or sensed simultaneously, the amount of skew must be held to a 
reasonable fraction of the spacing for one bit along the length of the 
hipe. I ape stability, tape speed, mechanical tolerances on the various 
parts of the tape unit, and many other factors affect the amount of skew 
llmt will occur, with the over-all result that tape widths of three quarters 
ol an inch or less are chosen for most computer applications. It would be 
il'iilr possible to use wider tapes than this, particularly if the information 

a ere coded in such a manner that the requirement of simultaneous han¬ 
dling of all bits in a line is avoided. 

I lie rate at which information can be transmitted between a computer 
and a tape unit is a function of tape velocity as well as bit density and 
I lie number of tracks across the width of the tape. Limiting factors on 
I ape velocity include the frictional wear that occurs on the tape and on 
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the head, and the difficulties involved in maintaining the tape in align¬ 
ment and in contact with the head at high speed. Tape speeds up to 140 
inches per second have been used successfully. 

The mechanisms for transporting the tape past the heads will be de¬ 
scribed only very briefly here because the problems and techniques in¬ 
volved are not closely related to digital concepts. An outstanding require¬ 
ment of a tape transport mechanism is that it be able to start the tape 
quickly, move it with uniform velocity, and stop it quickly. One way by 
which this function can be accomplished is to employ two capstans, one 
rotating and one stationary. The tape, if wrapped about one half of a 
turn around an idler pulley, can be pressed against either the rotating or 
the stationary capstan by moving the position of the idler pulley, and 
the desired motion will be obtained from the friction against the capstan. 
For tape motion in either direction a set of capstans with a movable idler 
pulley is needed at each side of the magnetic heads because the tape must- 
be pulled and not pushed. 

In principle, the winding of the tape on reels could be accomplished by 
means of slipping spring belts as is frequently done with the film in 
moving picture projectors, but the accelerations are so great that it would 
be necessary to maintain an objectionably large tension on the tape. In¬ 
stead, a section of slack tape is maintained between each reel and the 
driving mechanism. The amount of tape in the slack loop is sensed, and 
the reels are rotated as required to hold the amount of tape in the loop 
within the desired tolerances. One method of sensing the amount of tape 
in the loop is to draw it into a vacuum column and use a pressure sennl 
tive switch to determine whether the bottom of the loop is above or below 
the position of the switch. Other methods involve the use of photoelect rie 
cells or the use of pulleys on movable arms for determining the length 
of slack tape in the loop. The tape reels may be driven directly from mo 
tors operating as part of a servomechanism system or they may be con 
nected to a continuously rotating shaft through a clutch mechanism ol 
some sort. Although it is necessary that the reels be accelerated n in I 
decelerated rapidly, care must be taken in the design of the reel dim* 
device to insure that the accelerations are not so great that there will ho 
excessive slipping between turns of tape on the reel. In fact, the inert in nf 
the tape on the reel is an important limiting factor in determining I lift 
length of tape which can be used successfully. In some applications tin) 
reels together with their controlling and driving equipment were not eim« 
sidered to be worth their cost, and the loose ends of tape were merely 
piled into hoppers. • . 

Many different models of tape units for digital applications lmve hoell 
manufactured commercially. Tn addition to the basic requiremMils Ini 
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storage these units have been equipped with a long list of other features 

to improve their performance. Among these other features are means for 

sensing the ends of the tape with provision for automatically stopping 

I he unit when the end is reached, mechanical designs to facilitate the 

changing of reels and the threading of the tape, and systems for rewind- 
ing the tape at high speed. 

Access Methods for Magnetic Tape Storage. “Access” to a bit of 

information stored on magnetic tape does not have quite the same mean¬ 
ing that it does for most other forms of storage. When writing on tape 
if is common practice to do nothing but start the tape in motion and send 
pulses of current to the magnetic heads without regard to the particular 
section of tape which is under the heads at the time. Similarly, for read¬ 
ing, the procedure is to start the tape, and the circuits will sense any in¬ 
formation that happens to be stored on that portion of tape which is 
caused to pass under the heads. 

If it is necessary to write into or read from specified sections of the 
tlipe, the computer with which the tape unit is used can be caused to 
('mint the blocks of information that pass by the heads and thereby main- 
,nin a continuous record of the tape position. Alternatively, an identify¬ 
ing number can be stored along with each block of information on the 
tape, and any specified block can then be found by a searching process. 

I line are many variations to both of these procedures, but in each case 
I lie locating of the desired “address” is more a matter of programming 

I lie computer than it is a matter of incorporating an access system in the 
tape storage assembly. 

Random Access Storage. The term, “random access storage,” will be 
tiffined at this point because tape storage, which was discussed in the 
Immediately preceding sections, is one of the few storage mechanisms 
"Inch is not usually considered to be of the random access type and be- 
rmiNC disc storage, which is to be described in the following section, is 
nllcn referred to as being “random access” in nature. Actually, the term 
iIoch not have a precisely definable meaning, but in general “random 
iiccess storage” (or RAM, for “random access memory”) implies a 
»toruge device where the “addresses” or locations of items of stored in¬ 
formation may be chosen at random, and access to each location can be 
obtained in a relatively short time and with approximately equal facility. 

In magnetic tape storage, for example, if the tape happens to be posi¬ 
tioned with one end under the heads and access to a portion of the tape 
near the other end is desired, it is necessary to pass the entire length of 
lope under the head, and an appreciable amount of time is consumed. 

II the locations to which access is desired arc sequential sections along 
I lie tape, the time required to gain access to each locution is much less. 
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In other words, the locations cannot be chosen at random with a tape 
unit without seriously affecting the performance of the system. 

A commonly used variation in the meaning of “random access” relates 
more to the way in which a storage system is used than to the properties 
of the storage mechanism itself. In applications, particularly business 
data processing applications, where records are stored in a medium to 
which the computer has access, this medium is called random access 
storage if it is the established procedure to select each storage location as 
required by the application and without regard to the previously selected 
location. While the selection sequence may not be at random in the 
strict mathematical sense, it would appear to be at random to a casual 
observer. This data processing procedure is quite different from the 
procedure whereby each item of data is processed in sequence as it is en¬ 
tered from the tape unit into the computer, the sequence having been 
determined by a sorting operation. I 

Although tape units have been presented as an illustration of a storage 
mechanism which is not of the inherently random access type, they may 
be used for random access storage. In fact, when several tape units are 
used collectively they can be quite effective in random access applica¬ 
tions. It is possible to design the system so that each tape unit can simul 
taneously and independently gain access to the designated section of iU 
respective reel of tape. With short tapes the effective access time can In- 

reduced to a few seconds in a practical way. 1 

Magnetic Disc Units. When the largest possible storage capacity M 
desired and the access time must be in the order of one second or lonx, 
discs are an attractive configuration for the magnetic surface because ft 
relatively high density of storage in terms of bits per unit volume can In- 
obtained. The storage surface can be on both sides of the disc so 1 lint 
the available area is roughly equal to twice the area of the disc, except 
that the region within a certain distance from the center is not usithln 
because the surface velocity would not be great enough for output signnU 
of satisfactory amplitude from the reading head. 

The discs may be mounted in any of several different ways. Thl 
schemes used for phonograph records in various types of “juke boxer 1 
have been given serious consideration but so far as is known none of 
these mechanical systems has ever been adapted to digital storage. 

In a disc storage unit developed by IBM the discs are mounted on a 
central vertical shaft with enough spacing between adjacent discs to allow 
a magnetic head to be inserted between them. Access to any truck ni| 
any disc surface is obtained by mechanically positioning the nmg.iiHli 
head with two types of motion. The head is moved in a direction parallel 
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to the axis of the shaft to select the desired disc surface and is then 
moved in toward the center of the disc the appropriate distance to select 
(lie track. The selection of any particular section of a track is accom¬ 
plished by means of a timing track similar to the timing tracks used with 
drums. The time required to move the head from one track to another 
track depends on the distance between the tracks but is less than one 
second when the head must move from the inside track on one disc to the 
inside track on any other disc with fifty discs in the storage unit. 

The maintaining of the proper spacing between the magnetic head and 
I lie surface is a manufacturing and maintenance problem with drums, 
and it would be practically impossible to achieve with discs if attempted 
Mi rough the mere holding of close mechanical tolerances. The method 
adopted in the IBM disc storage unit for maintaining the spacing be¬ 
tween the head and surface makes use of Bernoulli’s principle. A quali¬ 
tative statement of Bernoulli’s principle is that in fluid flow the pressure 
in low in a region where the velocity is high, and conversely a region of low 
Velocity corresponds to a region of relatively high pressure. To utilize this 
principle the magnetic head housing is designed with a flat surface facing 
the storage surface. Air is blown outward through small holes in the 
head housing toward the storage surface. The head is not blown away 
from the surface as might be expected; instead, the air escaping from 
the region between the head and the surface has a high velocity and 
therefore a low pressure which allows the surrounding atmospheric pres¬ 
sure to force the head toward the magnetic surface. The head does not 
come in contact with the surface because as the distance between the head 
and surface becomes smaller the small space through which the air must 
escape causes its velocity to diminish, and the pressure of the air supply 
will tend to force the head away from the surface. By choosing the proper 
design parameters the head can be made to follow the surface with less 
Mian 0.001 inch variation in spacing even when the disc is rotating at 
high speed and when the disc is warped to an extent that its surface posi- 
Mon is fluctuating many thousandths of an inch. 

In another design of disc storage unit the discs were not rotated con- 
Mnuously but were individually rotated one turn as needed to record or 
m-iihc information on them. The object here was to avoid not only the 
wear on the bearings but also the consumption of the considerable 
amount of power consumed by the air friction from a large number of 
minting discs. An interesting feature of the system is that the discs 
wern wot in motion by an impulse and allowed to turn as a result of their 
own inertia and wore not connected to a continuous source of power by 
a (dutch mechanism. 
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Magnetic Belts. A magnetic surface in the form of a belt has often 
been considered for storage applications. The belt would be formed by 
joining the two ends of a length of tape, and it could be mounted over 
a system of pulleys, the magnetic heads being of the type used with 
drums. Alternatively, the belt could be pulled past the heads with a type 
of mechanism used in tape units, the bulk of the loop being allowed to 
hang free. In either case such a storage system would be similar to drums 
in some respects and similar to tapes in others. When compared with 
drums, a larger storage capacity could be obtained for a given amount of 
electronic equipment, but the access time would be a linear function of 
the belt length employed. Belts of this type have been used only to a very 
limited extent, however, probably because the joint in the belt, wear on 
the edges, and other problems have not seemed to be worth the potential 

advantages in storage capacity. 

In at least one instance a belt storage system of a radically different 
mechanical configuration has been carried to an advanced state of devel¬ 
opment. A belt several inches wide is in a stationary position over a rotat¬ 
ing drum. The magnetic heads are mounted in the drum, and motion 
relative to the surface is obtained from the motion of the heads instead 
of motion of the surface as in all other magnetic surface storage systems 
which have been described. A film of air carried along the surface of the 
drum holds the belt away from the drum and prevents frictional wear 
of the magnetic surface on the belt. Each head sweeps one line of in¬ 
formation so that for a given position of the belt the several heads on 
the drum record and sense the information in an array similar to the 
lines on a printed page. The belt may be moved to bring different pages * 

to the vicinity of the drum for access. I 

Magnetic Wire. Magnetic wire is another form of magnetic storage 

which has been considered for computers and which has been put into 
service in at least one instance (at the NBS). From the standpoint of 
computer organization wire is similar to tape, but the choice between tho 
two has been almost universally in favor of tape. One unattractive fea¬ 
ture of wire is that the information bits must be transmitted one at ft 
time, whereas with tape several tracks may be used. I 
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Chapter 8 


MAGNETIC CORE STORAGE 



Magnetic cores seem to have emerged as the outstanding digital storage 
medium in applications where very fast access in combination with a 
moderately large storage capacity is important. With magnetic cores it is 
possible to store a word or withdraw a word from storage at the rate of 
one every six microseconds or less where the addresses in the storago 
array are chosen at random. Several thousand words can be stored in ft 
single magnetic core storage assembly, and by employing a multiplicity | 
of such assemblies quite large capacities can be obtained m a practical j 
manner. Of course, when entire files of information involving many mil¬ 
lions of words are to be stored, the cost of core storage would be serioun, 
but most of the “working storage” requirements encountered with the 
so-called large-scale digital computers are less demanding from the stand¬ 
point of storage capacity. Core storage units with capacities up to 20,000 
words have been built, although this figure is not necessarily an upper 
limit to the capacity of core storage which is feasible in a single machine. 
Magnetic cores have also been selected for storage in some relatively 
small computers involving only a few hundred decimal digits of storage, 
In addition, cores have been found well suited to many miscellaneous 
applications such as buffer storage between a computer and its input- 

output units. J 

Basic Core Storage and Selection Principles. In many respects the 

cores used for storage are the same as the cores used for most of thfl 

logical circuits that were described in Chapter 5. In these circuits Iho 

storage mechanism is based on the rectangular hysteresis loop property 

of the core as illustrated in Fig. 8-1 (a). If current of sufficient magnitude 

is passed in one direction through a coil on the core, a magnetic flux will 

be created in the core which will leave the core in the state represented )jj 

1 on the B-H plot when the current is removed. A current in the oppoml« 
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direction will leave the core at the point marked 0. A 1 or a 0 is therefore 
represented by the direction in which the lines of flux pass around the 
toroid-shaped core. 

The determination of whether a 1 or a 0 is stored is accomplished by 
passing a current through a coil on the core in a direction which would 
cause the core to be set to the 0 state. If the core is already in the 0 
state, there will be no change in flux in the core, and no output voltage 
will be generated on another winding called the “sense winding” on the 


Sense Winding 



(o) 


Y Drive Windings 
(b) 

Fig. 8-1. Basic arrangement for coincident current magnetic core storage. 


core (with the assumption of an ideal hysteresis loop as indicated in the 
figure). On the other hand, if the core was initially at 1, the reversal of 
Hiix in the core constitutes a change in flux that is capable of inducing 
m voltage in the sense winding, and this voltage is used as an indication 
of I he digit stored. Since the sensing of the core always leaves the core 
nl 0, the stored information is in effect destroyed; and if continued stor- 
ngo is to be obtained, circuits must be provided to reinsert a 1 in the 
core each time a 1 is sensed. 

The manner by which a given core may be selected in a large array of 
coren for the insertion of a bit of information (binary digit) or the sens¬ 
ing of the bit inserted at some previous time is an outstanding feature of 
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core storage and is quite different from the selection systems used with 
other storage devices. The insertion and sensing of the bit are usually 
called “writing” and “reading,” respectively. The selection principle 
used for both operations is called “coincident current” selection and is 
based on the rectangular nature of the hysteresis loop. As indicated in 
Fig. 8-1 (a), a magnetomotive force (mmf) of H c is sufficient to set the 
core to the 1 state, but a field of half this value, or H c /2, is not sufficient. 
Therefore, by arranging the cores in a two-dimensional array of the type 
shown in Fig. 8-1 (b) any desired core can be “selected” by passing a 
current through the corresponding vertical and horizontal wires. The 
magnitude of the current in each wire is sufficient to produce an mmf of 
H c /2 in each core through which the wire passes. With the current direc¬ 
tions as indicated, the core at the intersection of the two wires is “se¬ 
lected” because the currents aid each other and produce an mmf of H r . 
The other cores in the corresponding row and column are sometimes said 
to be “half-selected” because they receive half the mmf applied to the 
selected core, and the remaining cores are said to be “non-selected.” With 
the currents as indicated in the figure, the core in the upper-right corner 
is selected, and the half-selected and non-selected cores are designated by 
the markings of HJ 2 and 0, respectively. The selection system is said to 
be of the “coincident current” type because an mmf of H c is produced by 
the coincidence of currents in the drive windings through the core. 

Note that a single straight wire passing through a core acts like a onc- 
turn winding. The return path of the wire may be long and devious, and 
it may pass through complex pulse generating circuits, but it still on 
circles the toroid-shaped magnetic path of the core. The straight wire in 
therefore substantially as effective in producing an mmf in the core as n 
one-turn winding wound tightly around the toroid. The current re 
quired to produce a given mmf is proportionately greater than would be 
required if multi-turn windings were used, but in most core storage appli¬ 
cations the use of one-turn windings has been found to be less cosily 
and more amenable to high-speed operation. More turns can be used in 
instances where the generation of the necessary current is a problem 
The several turns can be placed on each core individually, or the vertical 
and horizontal wires may be returned through all cores in their respect ive 
columns and rows as many times as required. 

As mentioned before, reading and writing are accomplished by passiiiK 
currents through the cores in opposite directions, but the selection prin 
ciple is the same. If the directions indicated in Fig. 8-1 (b) arc for \vn! 
ing, it can be observed that currents of the same magnitude in each wim 
but in the opposite direction will be correct for selecting the upper nr Id 
core and reading it. In this case an mmf of —1I 0 will be applied In Hid 
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3 e to n ht Th° re ’ and + r. mmf 0f this magnitude is sufficient t0 -t the 

but the current is in the opposite direction. The circuits needed for gen¬ 
erating the currents necessary for operating the core array will be dis¬ 
cussed m more detail later, but it will be mentioned here that it is usu¬ 
ally possible to design pulse-generating circuits capable of producing 
currents in either direction in a single wire as needed in each row and 
column for reading and writing. In applications where the generation of 
< m rent pulses in both directions is not convenient for some reason, it is 
.ossible at some additional expense in the core array to employ two com- 

!..her let fol rTalg. WireS ~° ne ^ Witing and the 

Ordinarily, only one core in an array will be sensed at any given time, 
and for this reason the sense windings for all cores may be placed in 
Hcnes as indicated m Fig. 8-1 (b). The common sense winding is installed 
n a diagonal pattern to minimize the effects of direct coupling between 
" ilnve windings and the sense winding. When two wires are parallel to 
cu< i other and have only a small separation between them, most of the 
(lux created by a current in one of them links the other and provides a 
good electromagnetic coupling. Also, the capacity between two closely 
spaced wires is relatively high, and any voltage variations in one will be 
. ec .ve in inducing a voltage in the other through electrostatic coupling, 
ue other hand, when the two wires are at right angles to each other 
s no flux linkage, and the capacity between them is relatively 
small. For a complete computation of the mutual inductance or capaci¬ 
tance between two wires it is necessary to consider the entire length of 
I,™' including the connections to any pulse supply or loads that 
u. , r ,T n However, in view of the very close proximity of the 

cores, the effects at 

." t8 + ^ here the reparation is greater are usually small and may be 

in fleeted. J 

For minimum direct coupling between the drive wires and the sense 
winding it would be desirable to design the array with the sense winding 

| ' , ' Shing . r0Ugh cores m a direction perpendicular to both sets of 
' "w windings. This direction would be perpendicular to the plane of 

Im paper in Fig. 8-1 (b). Although it is feasible to thread the sense wind- 

III 1 1 roof i 1 . 1_ i * , ' it passes through each core 

ns direction, the diagonal pattern is satisfactory and is less costly to 

fabricate in most applications. Note that there is magnetic coupling be- 
WCH, the drive windings and the sense winding at each core because of 
4ft relationship between the wires, but in any given row or column 
11'<- direction of the magnetically induced voltage is opposite in alternate 
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cores. If the sense winding is positioned with reasonable care, the oppos¬ 
ing induced voltages will cancel each other and allow the signal from the 
selected core to dominate even in large arrays. With arrays containing 
a very large number of cores the cumulative effects of the induced 
voltages in the sense-winding loops at the ends of the diagonals become 
important. A slightly more complex sense-winding pattern which pro¬ 
vides cancellation of these “end loop” voltages is described in a later 
section of this chapter. 

In the design of a core storage array many considerations arise from 
the fact that available cores do not have perfectly rectangular hysteresis 
loops. Some of these considerations will be the subject of a later section in 
the chapter. A variety of special array configurations and special driving 
and sensing circuits have been devised, and these topics will be discussed 
also. 

The Cores. Either metallic ribbon cores wound on a bobbin or molded 
ferrite cores may be used in a core storage system. (These two types of 
cores were discussed briefly in Chapter 5.) For small special-purpose stor¬ 
age systems the metallic cores are sometimes chosen because a lower 
coercive force is obtainable with them, but for the majority of storage 
applications where cost is important, which includes substantially all of 
the large-capacity applications, the ferrite cores are definitely preferable, 
Ferrite cores also have two other advantages: (1) they can be more easily 
fabricated in very small sizes, and (2) the time required for flux reversal 
in the core is generally less. 

A typical size for ferrite storage cores is 0.080 inch outside diameter, 
0.050 inch inside diameter, and 0.025 inch along the length of the ax in, 
The number of ampere turns necessary to create the mmf needed for flux 
reversal in the core is a function of the length of the flux path in the core 
and is also dependent on the exact composition of the core material. Willi 
the size indicated and with a typical square-loop ferrite material, slight ly 
less than one ampere turn would be required. Therefore, in an elemen¬ 
tary coincident current array with one-turn windings the current tlml 
must be supplied in the horizontal and vertical wires for reading or 
writing in the selected core would be slightly less than one half of nn 

ampere. I 

Cores substantially smaller than the size indicated are feasible, and I In* 
current needed to reverse the flux would be decreased linearly with it 
decrease in circumference (or diameter). Unfortunately, the ferrite erne 
material tends to be rather fragile, and to maintain reasonable mediani 
cal strength it is necessary to use a relatively small ratio of inside din in 
eter to outside diameter with the small sizes. Since the number of ampere 
turns required to develop a given mmf is proportional to the length of 
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the flux path, the squareness of the hysteresis loop is adversely affected 
by the small ratio of diameters. 

Two Methods of Obtaining a 3-to-l Selection Ratio. In the elemen¬ 
tary core winding configuration described previously there was a 2-to-l 
i atio between the current in the selected core and the current in the half- 
selected core. With cores that do not have an ideal hysteresis loop it 
would be desirable to have a greater ratio between the current in the 
selected core and the largest current in any of the cores which are not 
selected. Fig. 8-2 shows two schemes whereby a selection ratio of 3-to-l 
can be obtained. For simplicity in the drawing an edge view of each 
core is presented. Another reason for the use of this view is that the di- 




2 »c 
3 


Fig. 8-2. Two methods of obtaining a 3-to-l selection ratio. 

recti on of the various currents through the cores can be visualized more 
easily than with the more pictorial oblique view. 

In Fig. 8-2(a) currents sufficient to produce an mmf of H c /2 are 
passed through the horizontal and vertical windings of the core to be 
selected. This part of the selection method is the same as before, but in 
addition to these currents all of the other vertical and horizontal drive 
windings are supplied with currents in the opposite direction. The cur¬ 
rents in these other windings create an mmf of -HJ 6 in each core 

• In ough which they pass. The net mmf in all cores except the selected 
one is therefore either HJ 3 or -H c / 3. For reading instead of writing, 

• lie diiection of the current in all drive windings is reversed. 

The scheme in Fig. 8-2(b) is simpler from the standpoint of the circuits 
needed to supply the driving currents although it requires an extra wind¬ 
ing to ho passed through all cores. The currents in the horizontal and 
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vertical windings through the selected core each produce an mmf of 
2H C /S. An opposing mmf of -H c /3 is generated in all cores by means of 

a suitable current in the added winding. The result is that an mmf of He 
is applied to the selected core and an mmf of either HJZ or - # c /3 
is applied to each other core in the array. Again, the directions of all 

currents are reversed when changing from writing to reading. 



With either of the 3-to-l selection ratio methods the sequence of I In- 
applied currents is important in that the currents which create the op¬ 
posing mmf’s must be applied no later than the selecting currents am I 
must be maintained until the selecting currents have been terminated, 
The sense windings are not shown in Fig. 8-2, but in each of flu- two 

variations the sense winding would be the same as in the 2-to-l sy^-'.,. 

Three-Dimensional Selection Systems. A three-dimensional array of 
cores is shown in Fig. 8-3. Each set of cores in a plane which is parallel 
to the plane of the paper is supplied with a set of vertical A drive wintU 
ings and set of horizontal Y drive windings as before. A third set of drtV| 
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windings called the Z drive windings is passed through the corresponding 
cores in each row and column according to the pattern indicated. Any 
given core in the array can be selected with a 2-to-l ratio by passing 
appropriate currents through any two of the three drive windings through 
the core. A 3-to-l selection ratio is obtained by passing currents in each 
of the three drive windings corresponding to the given core. In this case 
the magnitude of each driving current is adjusted so that an mmf of 
// r /3 is produced in each core through which the current passes. 

The price paid for the 3-to-l ratio is not only in the drive windings 
themselves, the assembly of which may be awkward, but is also in the 
circuits needed to select the windings and supply the necessary currents. 
A comparison between the two-dimensional and three-dimensional arrays 
can be made as follows. In a two-dimensional array with ni cores in one 
direction and n 2 cores in the other direction, the total number of cores 
would be nitt 2 , and the total number of drive windings would be Ui + n 2 . 
In a three-dimensional array the corresponding quantities would be 
Hin 2 n 3 and niu 2 + n 2 n 3 + nin 3 , respectively, where n 3 is the number of 
cores in the third direction. If the number of cores in each direction is 
t he same and is equal to n, then n 2 cores and 2 n drive windings would 
hc involved in the two-dimensional case, and n 3 cores and 3n 2 drive 
windings would be involved in the three-dimensional case. From these 
figures it may be observed that the ratio of cores to drive windings is 
fi/2 and n/ 3 in the two- and three-dimensional cases, respectively. 

The difference in drive winding requirements is greater than it might 
Hccin at first glance because, for a given storage capacity, n is less in the 
three-dimensional array than in a two-dimensional array. For example, 
1 1 a storage array is to store 64 binary digits, only 6 bits of addressing 
information are needed to specify the location of any particular stored 
Higit, because 2 6 = 64. In a two-dimensional array an 8 X 8 pattern would 
hc used. The 6 addressing bits or digits would be divided into two groups 
of 3 each with each group being decoded by a switching matrix of some 
sort to provide a driving current in one of 8 lines. With three dimensions 
ii I X 4 X 4 array would be most efficient, but a total of 48 drive wind¬ 
ings would be required, 16 passing in each of the three mutually per¬ 
pendicular directions. The selection of the desired core in the array could 
hr accomplished by using three 16-output matrices, the inputs to each 
being obtained from a certain four of the six addressing bits. 

My means analogous to those used in Fig. 8-2 a 5-to-l selection ratio 
i in Ik* obtained. For the three-dimensional circuit corresponding to Fig. 
H 2(a) a current for producing an opposing mmf of —H c /15 would be 
piiwscd through all nonsclcrtcd drive windings. For the circuit correspond¬ 
ing (o Fig. 8-2(b) mini s of 2//„/6 would be generated by currents in the 
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selected drive windings, and an mmf of —H c /5 would be generated by a 
current in an additional winding passing through all cores. 

A different concept in three-dimensional selection is illustrated in 
Fig. 8-4. With this selection method each drive winding passes through 
all of the cores in an entire plane and not just a line of cores. Three sets 
of drive windings are required with one set for the YZ plane, one set for 
the XZ plane, and one set for the XY plane. If current sufficient for gen¬ 
erating an mmf of H C J 3 is passed through one drive winding in each set, 
the cores at the intersection of any two of the mutually perpendicular 
planes will each receive a net mmf of 2H c /3. A net mmf of H c will be ap¬ 
plied to the one core at the intersection of all three planes, and the core 
at the intersection will therefore be selected. The advantages of this form 
nf three-dimensional core storage is that fewer drive lines are used and a 
Ampler decoding system can be used. It has the disadvantage of a small 
■election ratio,—only 3-to-2 without inhibiting currents. 

Fig. 8-4 (a) indicates one form of winding pattern. The currents shown 
are for selecting the core in the upper-right corner. In an array of this 
type it is important to observe that each core may be in any one of four 
different positions with respect to the three mutually perpendicular wires 
passing through it. These four positions are illustrated in Fig. 8-4(b), 
where the dot in each core represents a wire that is perpendicular to the 
plane of the paper. For a given direction of currents in the drive windings, 
only one of these four positions will produce proper operation in the stor¬ 
age array, the criterion for proper operation being that all three driving 
currents must pass in the same direction through the hole in the core. Be¬ 
muse of the back-and-forth nature of the windings, the current directions 
will he different at the various points of intersection in the array, and the 
relative orientations of the various cores must be correspondingly differ¬ 
ent. If the direction of current flow is the same in all drive windings in 
each of the three mutually perpendicular sets, the core orientations in 
Fig. 8-4(a) should be as indicated by the letters A , B, C, and D, where 

I ho orientations are defined in Fig. 8-4(b). By reversing the current in 
alternate drive windings in any one, two, or in all three sets, other pat¬ 
terns of core orientations are obtained. These other patterns may have 
xnme advantages with regard to the physical assembly of the array or 
with regard to the incorporation of the sense winding (not shown in the 

II gun*) but the variations are not great enough to warrant a detailed 
description here. 

Since (he drive windings in any given plane can be passed through the 
rules in either one of two mutually perpendicular directions, significant 
variations in the three-dimensional winding pattern can be devised. One 


■uoh variation is presented in Fig. 8-1 (c). 'This arrangement differs from 
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the one in Fig. 8-4(a) in that the windings for the XZ plane pass through 
the cores in a direction parallel to the X axis instead of the Z axis. The 
driving currents in alternate XY drive windings and in alternate XZ 
drive windings must pass in opposite directions as indicated in the figure. 
This requirement arises from the fact that all three driving currents in 
each core must pass from one side of the core to the other (through the 
hole) in the same direction. The advantage of the arrangement in Fig. 8- 
4(c) is that the drive windings pass through the cores in only two instead 
of three mutually perpendicular directions. The crowding of the wires in 
the hole of the core is therefore less severe, and the core array may be as¬ 
sembled in two-dimensional planes, the third dimension being obtained 
by connections external to the frames which support each plane. 

The selection ratio of either three-dimensional winding arrangement in 
Fig. 8-4 may be improved by either of two methods which are analogous 
to the methods shown in Fig. 8-2: i 

(1) The windings in all unselected planes are supplied with currents 
that produce mmf’s of —HJ 6. In this way the cores which would other¬ 
wise receive a total mmf of 2H c /3 are supplied with a total mmf of only 
HJ 2. Certain other cores receive three currents in the negative direction 
for a net mmf of —HJ 2. The resulting selection ratio is therefore 2-to-1. 

(2) The driving currents are of a magnitude which produce an mmf of 
HJ 2, and an mmf in the opposite direction is created in all cores by a 
current through an additional winding. The magnitude of this opposing 
mmf is —H c / 2. The net mmf in the selected core is then 3HJ2 — H c /2 * 
H c . The maximum mmf in the same direction in other cores is 2H p /2 — 
H c /2 = H c /2, and the maximum mmf in the opposite direction in any com 
is —HJ 2. Therefore, the selection ratio for this method is also 2-to-l. 

The basic considerations with regard to the sense winding are the same 
for the three-dimensional winding patterns as for the two-dimensional 
patterns. For avoiding unwanted induced signals the sense winding should 
be passed diagonally back and forth through the cores in any one plane, 
and the sense windings for all parallel planes may be connected in series 
In view of the core orientations, more complex patterns might be desirable 
in some cases. For example, in Fig. 8-4 (a) all cores in the A position 
might be linked together by one sense winding which is connected in series 
with similar windings through the B , C, and D cores. As with the two 
dimensional system, the change from writing to reading is accomplished by 
reversing the current directions simultaneously in all drive windings. 

When the three-dimensional system of Fig. 8-4 is applied to the (M bit 
storage problem cited previously, a 4 X 4 X 4 array would be used as \m 
fore. However, in this case the 6 addressing bits may he divided in 
three groups with 2 bits in each group. Only three 4-output niatric 
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would then be needed to select the proper drive windings, which would in 
turn select the proper core. 

The three-dimensional concepts can be extended to four or more dimen¬ 
sions, although the physical significance of the added dimensions is some¬ 
what artificial. For example, the array in Fig. 8-3 could be extended to 
four dimensions by assembling three arrays exactly as shown but with an 
added set of 27 drive windings. Each drive winding in the added set would 
be passed through one core in each array. The extension of the array in 
Fig. 8-4 (a) to four dimensions would also involve three, identical arrays 
but with only three added drive windings. Each one of the three added 
windings w T ould be passed through nine cores in each array. Correspond¬ 
ing existing drive windings for the three arrays would be connected in 
Ncries. Several different patterns for the threading of the added drive 
windings and for the connections of the existing windings are possible. In 
I be former case the purpose of more dimensions would be improved selec¬ 
tion ratio, but the disadvantage of increased complexity in the circuits 
needed for selecting the proper drive windings would become extreme. In 
I be latter case the relative advantages and disadvantages would be in 
verted in that the circuits for selecting the proper drive windings would 

become simpler (on a “per core” basis) but the selection ratio would be 
less favorable. 

A Three-Dimensional Arrangement for the Parallel Reading and 
Writing of an Entire Word of Information. In the core arrays de¬ 
scribed earlier in the chapter it was assumed that only one bit of informa- 
lion was to be sensed or stored at any one time. In most computers the 
information is handled in words or groups of bits. For example, a decimal 
number containing ten digits requires a total of forty bits of information 
lor its representation because each decimal digit requires four bits. The 
group of forty bits would constitute a word in this example. By transmit- 
• mg all bits of a word to and from storage simultaneously or “in parallel” 
ii great increase in the speed of operation can be obtained in comparison 
"'il Ii the transmission of one bit at a time. An obvious way to provide for 
Mir parallel storage of the bits in a word is to employ as many complete 
Mtorage arrays as there are bits per word. In view of the fact that the 
various bits in a word would normally be stored in corresponding ad¬ 
dresses in their respective arrays it is possible to combine the several 
mi rays into a single array and thereby gain certain simplifications. No 
Ml tempt will be made to describe all of the variations that can be devised 
Inr the parallel storage of information, but one configuration which has 
been put to practical use will be discussed in this section. 

The array is shown in Fig. 8-5 (a) and is substantially the same as the 
l bree-dimensional configuration in Fig. 8-4(c) except in the manner by 























(b) 

Fia. 8-5. Three-dimensional array for word-at-ft-timo storage. 
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which the signals are applied to the drive windings. Each set of cores in 
an XY plane constitutes the storage for the bits in one particular position 
uf each word. The various bits in a word are each stored in a separate 
plane. An array of the size shown in the figure is therefore capable of 
storing sixteen words with each word containing three bits. Each individ¬ 
ual A Y plane functions like a two-dimensional system in that current for 
producing an mmf of H c /2 is passed through one horizontal and one verti¬ 
cal drive winding. These windings may be called the X and Y windings, 
i< spectively, because of the similarity in function to the drive windings in 
a two-dimensional system. Each winding does, nevertheless, pass through 
I lie corresponding cores in all planes parallel to the so-called XY plane in 
the three-dimensional system. The windings in the third set are called Z 
drive windings, and each Z winding passes through all cores in one XY 
plane. For sensing a word stored in the array, pulses of current are ap¬ 
plied simultaneously to the appropriate X and Y drive windings. The 
Z windings are not used. A separate sense winding with its amplifying 
equipment is required for each XY plane, that is, for each bit in the word. 
H ith this arrangement the X and Y drive windings select all cores at the 
Intersection of the XZ and YZ planes, and the corresponding bits are dis- 
I mguished by the voltages induced in their respective sense windings. 

I' °r writing a word in the storage array it is not possible to employ the 
*iniple expedient of sending currents in the reverse direction along the X 
and 1 drive windings when a 1 is to be stored and of sending no current 
for storing a 0. The reason is that in general some of the bits to be stored 
lire 1 s and others are 0’s, but the X and Y drive windings affect all XY 
planes in the same way. The procedure which is used is to send current 
through the X and 7 drive windings in the direction which would tend to 
I all cores at the selected address to l’s. An opposing current is passed 
through the Z drive windings in those planes in which 0’s are to be stored. 
The opposing current creates an mmf of -H c /2 in all cores in the cor- 
"•Nponding planes. With this system the third dimension is not related to 
•I"’ addressing method except in an indirect way. For reading, the cores 
la Hie third dimension are selected through the use of a multiplicity of 
" nwe windings; for writing, the selection of the cores in the third dimen- 
"am is accomplished by the inhibiting action of the Z windings. 

A sense winding pattern commonly used with a configuration of this 
l.vpc is illustrated in Fig. 8-5(b). The A-A sense winding is threaded 
along one diagonal through one half of the cores, and the B-B sense wind¬ 
ing is threaded through the other half of the cores along the other diago¬ 
nal. I his arrangement is not related to the three-dimensional nature of 
I lie array and is not needed for small arrays. However, arrays of this 
type arc frequently used in large-capacity systems, and when there is a 
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large number of cores in each plane the cumulative effects of the voltages I 
induced in the “end loops’’ of the sense winding become important. To j 
evaluate the magnitude of the voltage induced in one wire by a changing I 
current in another wire the procedure is to determine the effect of an I 
incremental length of one wire on an incremental length of the other I 
wire and then perform a double integration over the lengths of both wires. I 
A detailed calculation can be avoided in designs where the incremental J 
lengths of wire are paired so that the voltage induced in one half of the 
pair opposes the voltage induced in the other half. When a drive winding i 
passes closer to the loops in the sense winding at one edge of the array I 
than it does to the loops at the opposite edge an unbalance in the induced 
voltage is created in spite of the canceling action in that portion of the 
sense winding which passes through the cores. If the two sense winding! I 
in Fig. 8-5 (b) are connected in series with the proper polarity, the un«^H 
balance in one sense winding can be made to counteract the unbalance in H 
the other, because for each end loop there is a corresponding section 
of wire with the same physical relationship (except for polarity) to the 
drive windings. Therefore, the only voltage induced in the sense winding^! 
by a changing current in any drive winding will arise from the 

changes in the cores. 

Since in a given XY plane the inhibit winding and the sense winding 
each pass through all cores in the plane and since the two windings urtjH 
never used at the same time, it might seem feasible to employ one winding 
for both functions. This scheme is usually not practicable because the senna 
winding passes through alternate cores in opposite directions to providl^B 
proper cancellation of extraneously induced signals, whereas the inhibit 
ing current must pass through all cores in the same direction relative M fl 
the drive currents. Also, there would be a recovery problem in the Henwi 1 
amplifier. Although the inhibiting current does not necessarily involve till ■ 
use of a voltage difference at any point in the circuit, the inductance! Ill ■ 
the array require that an appreciable voltage be applied to the inhihitlvt^H 
winding for fast operation. Unless this voltage is isolated from the hciinii J 
amplifier by some means, the amplifier may be rendered insensitive 111 
the small output signals from the sense winding for an undesirably long 

period of time. | 

A Four-Dimensional Selection System Assembled in Two Dimen 

sions. Some of the ideas explained in previous sections can be combi null 
to develop arrays that require only a small amount of selection exterior Ul 
the array itself and at the same time provide a reasonably good Hrlrrtldj 
ratio without a complicated mechanical configuration. A four-dimenMiuiigl 
selection system that provides a selection ratio of 3-to-2 and tlml run In* 
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assembled in a two-dimensional pattern is shown in Fig. 8-6. There are 
four sets of drive windings designated by X u X 2 , X 3 , and X 4 with four 
windings in each set for a 16 X 16 array. The X 4 and X 3 windings pass 
through the cores in a horizontal direction and are drawn in detail in the 
ligure. The X 2 and X 4 drive windings have the same pattern as the X 4 


S < 



Fir,. 8-6. A four-dimensional selection system assembled in two dimensions 


mid A r s windings except that they pass through the cores in the columns 
Instead of the rows. An edge view of four of the cores is shown in the 
upper-left corner of the figure. The remaining cores are placed in the ar¬ 
my by following an extension of this pattern. 

To select any specific core for reading, a current that will produce an 
mm! of //„/3 is passed through one winding in each of the X\ } X 2) and X* 
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sets where the selected winding in each of these three sets is the one that 
passes through the core to be selected. At the same time, currents for 
creating mmf’s of —H c /3 are passed through all X 4 windings except the 
one which passes through the selected core. The mmf’s needed for select¬ 
ing the core in the upper-left core in Fig. 8-6 are indicated. With this 
arrangement the selected core receives a total mmf of H c , and the maxi¬ 
mum mmf in any other core is 2H c /3. Writing may be accomplished by 
reversing the direction of the driving current in each of the drive lines. 

When the array is to be used for word-at-a-time storage an extension 
of the system illustrated in Fig. 8-5 may be employed. One complcto 
plane of the type shown in Fig. 8-6 is used for each bit in the word. The 
various X drive lines pass through the corresponding rows or columns, as 
the case may be, in the planes for all bits. Writing is accomplished in this 
case by a set of inhibiting windings each one of which passes through all 
cores in its respective plane. For writing a 1 in a given plane, no inhibit¬ 
ing current is passed, but for writing a 0 an inhibiting current that creates 
an mmf of —H c /3 is passed through each core. The inhibit winding is not 
shown in Fig. 8-6, but it would be threaded back and forth in a direction 
parallel to the X 2 and X 4 drive windings so that the inhibiting current 
would flow in opposite directions in alternate columns. I 

It is sometimes said that an array of this type involves the use of five 
dimensions. When reading, the fifth dimension is obtained from the fad 
that a separate sense winding is used in each plane to provide a means I'm 
distinguishing the individual bits in the word being sensed. The fil'lll 
dimension is obtained in writing by the fact that the inhibit windings urn 
individually selected for the storage of the l’s and 0’s in the word. 

The advantage of this four-dimensional selection system in comparison 
with a more conventional two-dimensional method is in a reduction nl 
the number of drive circuits that are required. For example, in a t wo 
dimensional 64 X 64 storage plane a total of 2(64 4- 64) = 256 sepanili 
drive lines are necessary. The equivalent four-dimensional array is 8 X 
8x8x8 in size in terms of its selection system (although it is still 
64 X 64 physically), but the total number of required drive lines is rut 
duced to 32. The scheme has several disadvantages arising from it* 
smaller selection ratio, its greater number of wires in the array, and I lie 
fact that each driving current must pass through a larger number of con « 

Although an 8x8x8x8 array of the general type described him 
been studied extensively at MIT and has been reported to function well, 
the objective of a reduced number of drive lines can be accompli Iml 
through the use of magnetic core matrix switches in what seems to be pin 
erally regarded as a more attractive way. These switches are discussed In 
a later section. H 
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Improving the Selection Ratio by Means of Extra Sets of Drive 
Windings in a Two-Dimensional Array. The selection ratio in a two- 
dimensional core storage array can be improved by incorporating addi¬ 
tional sets of drive windings. The basic scheme is illustrated in Fig. 8- 
7(a) for an elementary 2x2 array. In this figure the cores are indicated 
by dots. The orientation of each core and the directions of the driving 
currents through the hole in each core must be such that the current will 



Vui. 8-7. Improving the selection ratio by means of an added set of drive windings. 


have the proper additive and opposing effects, but a detailed analysis of 
this phase of the subject is not essential for an understanding of the prin¬ 
ciples. In the 2x2 array a third set of drive windings has been added, 
mid each of the two windings in this third set passes through the cores 
in opposite corners of the array. To select any specific core, a current 
i ullicient to produce an mmf of H c /3 is passed through one winding of 
i’mcIi of the three sets. With the currents as indicated in the figure the 
mrc in the upper-right corner is selected. The other drive winding in each 
'•H is supplied with a current to produce an opposing mmf of —H c / 6. It 
may be observed that all cores except the selected core receives a net mmf 
uf zero. The selection ratio is therefore infinite. 

W hen the array is larger than 2 X 2 an infinite selection ratio is not 
possible with only threo sets of drive windings, but it is possible to im¬ 
prove the selection ratio to 5-to-l. A 4 X 4 array with a third set of drive 
windings is shown as an example in Fig. 8-7(b). The currents in the drive 
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windings through the selected core produce an mmf of HJ 3 as before, and 
all other drive windings produce an mmf of —H c / 15. With this arrange¬ 
ment each core other than the selected core receives an mmf of either 
HJ 3 - 2H C /15 = HJ 5 or -3H C /15 = -He/5 where the selected core re¬ 
ceives H c . An alternative arrangement is to install one extra drive winding 
which passes through all cores and which produces an opposing mmf of 
—H c /5. The current in each regular drive winding which passes through 
the selected core is then adjusted to produce an mmf of 2 HJ5. The selec¬ 
tion ratio is again 5-to-l because the selected core receives 6H c /5 — H c /5 
= H c , and all other cores receive H c /5, —H c /5, or zero mmf. 1 

When developing winding patterns for more than three sets of drive 
windings for a further improvement in selection ratio the rule to be fol¬ 
lowed is that no more than one drive winding should be common to any 
two cores. Because of this rule it is difficult if not impossible to utilize 
more than three sets of windings in an array of arbitrary size. In fact, 
the 4x4 array is one example where more than three sets cannot ho 
used. With square arrays having n cores in each dimension where n is a 
prime number it does happen to be possible to install n + 1 sets of drive 
windings in a useful manner. By using this number of drive winding* 
with suitable inhibiting currents an infinite selection ratio can be oh 

tained. I 

Although the improved selection ratio that can be achieved through 

the use of added sets of drive windings is of considerable academic inter cm! , 
the method contains serious disadvantages from a practical standpoin! 
A major disadvantage is in the circuits needed to select the correct drivti 
windings in the added sets. These circuits are in addition to the otholj 
drive circuits, and the logical functions needed for decoding the addressing 
bits in the selection of the proper drive windings tend to be quite com 
plex. In spite of the driving circuit problems the use of added drive 
windings for improved selection ratio may prove to be of value in either 
of two applications, (1) where the cores are made in some very incM 
pensive way that happens to yield a hysteresis loop of poor rectiingii 
larity, and (2) where the cost of the added drive windings might prnVI 
to be acceptable because of the higher operating speed that can hr ob« 
tained. Since the speed of flux reversal in a core is proportional to I 111 
excess of the applied mmf over the coercive mmf and since the maximum 
usable mmf in the selected core is proportional to the selection nil in, H 
greater speed of operation can be obtained with a larger selection ml in, 
A Scheme for Doubling the Number of Cores That Can Be Scln i»h| 
with a Given Number of Drive Lines. When reading and writing in nil 
ordinary two-dimensional storage array, the direction of current Mow II 
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reversed in both sets of drive windings simultaneously. If the direction of 
current flow in only one set of drive windings is reversed, none of the 
cores is selected. With the arrangement indicated in Fig. 8-8 this fact can 
be utilized to double the number of cores that can be selected from a 
given set of drive windings. With the X and Y drive current directions 
as indicated, the mmf’s aid each other in the left-hand array of cores 
and oppose each other in the right-hand array. The indicated directions 
might correspond to reading in the left-hand array. Writing would then 
be accomplished by reversing the direction of current flow in both the 
A and Y drive lines. Reading and writing in the right-hand array could 

Ik: accomplished by reversing the direction of current flow in only the Y 
or X drive lines, respectively. 

* 


X Drive 


Y Drive 

l‘ mi. 8-8. Doubling the number of core selected from a given number of drive lines. 

Variations of this scheme can be devised for use with inhibiting cur- 

mils or with multi-dimensional selection systems or both. In some cases 

• li«‘ number of cores that can be selected with a given number of drive 

ImcH is more than doubled. It is not known that the idea has ever been 
Utilized, however. 

I he Use of Contacts in the Drive Lines. In applications where the 
- peed requirements are not great the selection of the proper drive lines 
nm 1,0 accomplished by means of mechanical contacts, with a consider- 
nMe saving in the amount of electronic equipment required. The details 
"I !' llc circuits would be strongly dependent upon the nature of the appli- 
'•Hlion, but one idea that serves to reduce the number of electronic 
ilnvcrs to one is illustrated in Fig. 8-9. The common connection for the 
\ lilies is connected to the common connection for the Y lines, and the 
I wo sets of lines are then operated in series. The cores are positioned to 
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allow the current to pass through them in the same direction from both 
sets of drive lines. The desired core is selected by closing the contacts in 
the corresponding X and Y lines. The change from reading to writing is 
accomplished by reversing the direction of current flow from the single 

driver. Variations and elaborations of 
1+ this idea are applicable to multidimen- 


Drive 



Fig. 8-9. The use of contacts in ^ i __ nn ., rn i 1 , ro ; n i 

the drive lines. arrays. Because of the loop curvature inj 

the lower-right and upper-left quad¬ 
rants, a half-select mmf can disturb the magnetic state of the core 
and reduce the amount of flux in the toroid. (An array with a 2-to-l 
selection ratio is assumed.) These half-select mmf’s occur in a given, 
core each time another core in the same row or column is selected 
for reading or writing. When the given core contains a 1 and a halfl 
select mmf in the read direction is applied the state of the core is changed 
from the point marked 1 to the point marked l r . Similarly, the state of 
a core containing a 0 is changed from 0 to 0^ when a 1 is written intol 
another core in the same row or column. These states are said to be the 
“disturbed 1” and “disturbed 0” states, respectively. H 

Another factor to be considered with regard to hysteresis loops which 
are not perfectly rectangular is that the core transverses a minor hy«« 
teresis loop when half-select mmf’s are applied alternately in the rriMI 
and write directions. Each disturbed state should therefore be distlnJ 
guished according as the last half-select mmf was in the read or till 
write direction. In Fig. 8-10 the state l w is reached when a half-seleel 
write mmf follows a half-select read mmf, and the core will arrive at tlufl 
state 0 r when the read and write half-select mmf’s are in the oppoMiltf 
sequence. Actually, the cores may not arrive at a stable minor hydro n 
loop after the first half-select pulse, but the difference between the ft I'M 
minor loop and the loop obtained after many traversals is usually hiiiuII 
This statement might not be correct if, because of some instability III 
the circuit, the second or successive half-select mmf’s have a girulu|‘ 

magnitude that the first one. M H 

The output signal obtained when reading a core in a disturbed I nUtfj 


sional selection systems. J 

Considerations Involving Hyster¬ 
esis Loops That Are Not Perfectly 
Rectangular. Fig. 8-10 shows a mag¬ 
netic core hysteresis loop which is not 
perfectly rectangular and illustrates 
some of the major considerations in¬ 
volved when cores of this type are em¬ 
ployed in coincident-current storage 


storage 
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is less than when the core has been left in the full 1 state. Also, when 
sensing a core that is in its disturbed 0 state the permanent flux change 
I hat occurs in restoring the full 0 state creates an unwanted output 
signal. 

More subtle but more serious problems arise from the unselected cores, 
particularly in large arrays. If, for example, all of the cores in a certain 



Fig. 8-10, Hysteresis loop which is not perfectly rectangular. 

i nw are in the 1^ state, a half-select read pulse applied to this row will 
niiisc all cores in this row to shift to the l r state. In the process each core 
hi I he row will induce a small voltage in the sense winding. With a diago- 
iml sense winding pattern the polarity of the voltage from alternate 
• Mias will be in the opposite directions and will therefore tend to cancel. 
However, if alternate cores in the row happened to be in the l r state 
' 111 1 Hie others in the 1^, state (as a result of the sequence of read and 
Mile operations for cores in other rows), there would not be complete 
nniecllalion. The various combinations of states that can exist are de¬ 
pendent upon the details of the configuration and operation of the array 
«nid upon the patterns of In and 0’h that might be stored. In general 
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when choosing the design parameters of an array it is necessary to con¬ 
sider the worst possible information pattern that might be encountered 
and determine that the summed output signal from all cores will be 
small enough to allow a reliable distinction between a 0 and a 1 signal 

from the selected core when reading. . J 

The amplitude of the extraneous signals can be minimized by applying 

suitable half-select mmf’s to the cores after each read or write operation 
in such a manner that each core is left in either the l r or the 0 r state. Byl 
this scheme the flux change in the unselected cores is limited to the re- I 
versible components of the minor hysteresis loops, and the diagonal sense 
winding pattern cancels all induced voltages from the unselected cores j 
except the voltage differences caused by the relatively small difference 
in slope between the left-hand portions of the 1 and 0 minor hysteresis! 
loops. The half-select pulses used for this purpose are sometimes called 
“post-write-disturb” pulses, and their incorporation in one type of array 

is described in the next section. 1 

Driving Systems and Cycle Patterns for a Core Storage Array. If I 

the various drive lines in a core array are to be driven directly from 
vacuum tubes, it is desirable that a scheme be used where each drivil 
line need pass current in only one direction. Otherwise, two sets of drivo 
lines through the cores will be required (or some rather awkward circuits 
must be used) because vacuum tubes are capable of passing current in 
only one direction. With the ordinary operating procedure illustrated in 
Fig. 8-11 (a) the directions of current in the X and Y drive lines are op¬ 
posite for reading and writing. The Z drive winding is operated by tin- 
method explained in connection with Fig. 8-5 (a), and it supplies an mmf 
of H c / 2 when writing a 0 and no mmf when writing a 1. J 

A driving system which does not require the reversal of current in any 
drive line is shown in Fig. 8-11 (b). Writing is accomplished by supply inf I 
an mmf of H c from the Z winding in all cores at the same time that tin I 
X and Y drive windings are supplying mmf’s of -H c / 2 in all rows ami 
columns except the row and column of the selected core. When writing, 
the cores in the row and column containing the selected core recnvit 
mmf’s of —Ho/ 2 from the corresponding X and Y drive windings. TltO 
resulting mmf of — H c in the selected core is opposed by an mmf of //,i/2l 
from the Z drive winding when writing a 0 in the plane in question umL 

is left unopposed when writing a 1. ... J 

Another variation that requires currents in only one direction in any 

one wire is shown in Fig. 8-11 (c). In this case the reading method is 1 1.0 

same as in the original scheme, but writing is accomplished by supplying 

all X and Y drive lines with currents that create mmf’s of II,/'^ in all 

rows and columns except the row and column of the selected core. Whig 
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READ WRITE 



(c) 

Fig. 8-11. Reading and writing methods. 


writing a 0, an mmf of —H c /2 in the Z drive winding is needed to pre¬ 
vent an unwanted resetting to 0 in other cores, and an mmf of — H c is 
nupplied by the Z drive winding for writing a 1. 

Both of the schemes involving unidirectional currents have the disad¬ 
vantage that the circuits needed to select the proper driving tubes are 
more complex than when driving currents in both directions are available. 
Also, the timing requirements of the X and Y driving currents with re¬ 
spect to the Z driving current are more stringent in that, with either 
Hcheme, there is one instance where the X and Y and the Z driving cur¬ 
rents must be started simultaneously and must be terminated simul¬ 
taneously. 

By using a transformer in the output of a vacuum tube drive circuit it 
in possible to obtain driving currents in both directions. In fact, the 
I nmsformer is usually found to be convenient for another reason. A rela- 
lively large cathode surface area is required in a vacuum tube that must 
supply the approximately 0.5 ampere of current that is needed in the 
one-turn drive windings. Ordinary vacuum tubes are not capable of sup- 
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plying this amount of current unless several of them are connected in 
parallel. Since the voltage requirements of the drive windings are low, 
the transformer may be used to gain a large current multiplication. The 
only serious problem encountered with transformers in this application 
is that output current pulses in both directions are obtained whether 
they are wanted or not. It would be possible to diminish the amplitude 
of the current pulses in the unwanted direction by returning the flux in 
the transformer to its original value very slowly, but in the interests of 
high speed it would be preferable to use a type of core array where 
drive currents in both directions can be utilized. It happens that when 
the core array in Fig. 8-5(a) is used with the reading and writing method 
of Fig. 8-11 (a), bidirectional current operation is desired in the X and 
Y drive windings. The Z drive winding can also be operated in a bidirec¬ 
tional basis because there is no harm in an mmf of —HJ 2 from the Z 
drive winding during periods that the array is not engaged in a read or 

write operation. 

It would be possible to operate a core storage array by writing infor¬ 
mation into several different addresses and subsequently reading the 
information contained in several different addresses. This procedure 
might seem normal for manually recorded information in a notebook, 
but a core storage array in a computer is seldom operated in this fashion 
When writing information in a given address in a core storage array, it 
is necessary that the previous contents of that address be removed. A 
reading operation at that address will accomplish this purpose because 
the reading process causes the selected cores to be set to 0. Therefore*, it 
is desirable to precede each write operation by a read operation whether 
the information sensed by the read operation is utilized or not. AIhOj 
when the objective is the reading of information, the fact that the read 
operation destroys the stored information makes it desirable to follow 
each read operation by a write operation for continued storage of thl 
information being sensed. In view of these considerations a core storage 
array is usually operated on a cycle basis which includes one read opera¬ 
tion and one write operation and other features that may be necessary 

or desirable in particular applications. 

The basic features in a core storage cycle are shown in Fig. 8-12. It 
may be assumed that the array is of the type illustrated in Fig. 8-5 (a)l 
and that the reading and writing method is as shown in Fig. 8-ll(ii)i 
During the first part of the cycle, currents are supplied to the X and Y 
drive lines of the selected address. Prior to the read operation if wan 
necessary to prepare the switching matrix used for selecting the pm|M»f 
drive windings, but for reasons to be mentioned shortly, it is convenient 
to have this function performed during the latter part of the previous 
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cycle. The output signals on the sense windings are “sampled” at the 
approximate time indicated by the sample pulse in Fig. 8-12. The selected 
cores which originally contained l’s are developing the maximum output 
voltage at this time as they are reset to 0 by the read pulse. It is at this 
time that the stored information is first available for use in the computer. 
During the next part of the cycle the directions of the currents in the X 
and Y drive windings are reversed for writing. The Z driving current is 
maintained at zero during this part of the cycle in all planes in which a 
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Fig. 8-12. Magnetic core storage cycle. 


I is to be stored but is applied as an inhibiting current in each plane in 
which a 0 is to be stored. Note that a temporary storage device com¬ 
posed of flip-flops or analogous components is required for holding the 
information and controlling the Z drivers during the period that an ad¬ 
dress in the array is being sensed and regenerated. 

After the write operation the “post-write-disturt” pulse is applied to 
nil cores in the array by currents in all Z windings. The post-write-dis- 
furb pulse reduces the extraneous signals from unselected cores during 
the next read operation. It accomplishes this result by carrying all cores 
containing l’s to the l r state (see Fig. 8-10) and carrying all cores that 
might be in the 0^ state to the 0 r state. During the time of the post- 
write-disturb pulse the address selection circuits are not being used, and 
I his time may be utilized for setting the addressing circuits to the address 
of I he storage location to be selected on the next cycle. Although the 
post-write-disturb function could be performed at the beginning of the 
cycle, it is convenient to place this function at the end of the cycle be¬ 
muse then the current in the Z windings need be turned on and off only 
once per cycle as indicated in Fig. 8-12. 
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Many variations in the basic core storage cycle can be developed for 
particular applications or to improve certain aspects of the system. For 
example, if the noise signals in the sense winding are too great for relia¬ 
ble distinction between l’s and 0’s, each core may be sensed twice when 
reading. The signal obtained from the first read operation is delayed and 
compared with the second signal. By arranging the system so that the 
noise signals are approximately the same during both read operations, 
the difference between the two output voltages will be a more positive 
indication of the stored digit. Another variation in the reading operation 
is to apply drive currents in both directions and in such a manner that 
all cores except the selected cores will be returned to their original states. 
If the selected core in a given plane contained a 0, it will also be re¬ 
turned to its original state, but if it contained a 1, it will be set to 0. The 
output signal from the sense winding is integrated over the time required 
for this process, and the integrated signal will return to zero if a 0 \h 
sensed but will not return to zero for a 1. The polarity of the 1 signal 
will, as with other systems, be dependent upon which direction the sense 
winding passes through the selected core, and the output amplifier and 
detecting circuits must be capable of handling signals of both polarities. 
Both of these variations require a substantially longer read-write cycle of 
operation. 

A third variation employs a cycle similar to the one shown in Fig. 8 -12. 
Care is taken in the design of the driving circuits to insure that the 
rise and fall times of the X and Y driving currents are the same when 
reading. The output signal obtained during and shortly after the rise of 
the X and Y drive currents is delayed, inverted, and compared with the 
signal obtained during and shortly after the fall of the drive currents 
Since both the electrostatically and electromagnetically induced noise 
voltages are of opposite polarities for the rise and fall of the driving cur 
rents, the two sets of noise signals will cancel each other, and the in 
formation will remain. The cycle differs from the one in the figure in 
that the sample pulse occurs after the termination of the X and )’ rend 
pulses, and more time must be allowed between the read and write opera 
tions. I 

Remarks About the Speed and Size of Core Storage Arrays. The 
achievable speed of operation of a core storage array depends upon 
many factors including the core material, size of the array, refinement * 
in circuit design, and tolerances in the components. With readily avnilu 
ble cores a cycle time of 9 microseconds based on the cycle pattern in 
Fig. 8-12 is not difficult to achieve. With core planes that are 64 X 64 It) 
size a cycle time of 6 microseconds is possible, but considerable cart 
must be taken in circuit design and in insuring that all components, pm 
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ticularly the cores, are of good quality. Cycle times shorter than 6 micro¬ 
seconds are also possible, but the design difficulties are a rapidly increas¬ 
ing function of speed beyond this point. 

Limiting factors are encountered in the number of cores that can be 
placed in a single plane. One limiting factor is the noise voltages that 
have already been discussed. Another factor of equal if not more sig¬ 
nificance is the fact that the drive and sense windings act like lumped- 
constant delay lines, and with very large arrays the time required for 
the current pulses to travel the length of the windings is an appreciable 
fraction of the operating cycle. Also, to obtain a satisfactory amplitude 
in the output signal it is necessary to have a fast rise time for the driv¬ 
ing currents. The flux in the selected core begins to reverse when the ap¬ 
plied mmf reaches the coercive force, and the rate of flux reversal is 
slow when the applied mmf is only slightly greater than this value. With 
slow rise times of the driving current the flux will be reversed at a slow 
rate, with a corresponding small output signal before the applied mmf 
reaches its peak of H c . Because of the imperfect nature of the delay line 
effect, it is difficult to obtain a fast rise time at all cores in a very large 
array. It is not known that any definite upper limit has been found in the 
number of cores that can be placed in an array, but the problems men¬ 
tioned are of considerable importance in planes that are 128 X 128 or 
larger in size. The delay line effect is particularly pronounced in the 
sense winding and the Z winding, each of which pass through all cores in 
the plane. 

Magnetic Core Matrix Switches for Address Selection. It was 

pointed out in previous sections that the coincident current principle is 
not in itself sufficient for the selection of the desired core in a storage 
array. In an ordinary two-dimensional array having m cores in one direc- 
f ion and n cores in the other direction the number of drive lines required 
is m + n, and the number of cores in the array is mn. With some types 
of multi-dimensional arrays the ratio of cores to drive lines can be im¬ 
proved, but for reasonably large arrays the complexity of the winding 
arrangement and the loss in selection ratio would make it impractical to 
achieve a system where the drive-line signals are obtained directly from 
I he information bits (in either a binary or a decimal code) that specify 
I Ik* address. Some sort of a selection mechanism in addition to the coin¬ 
cident current selection is required. 

Diode matrix switches of the type described in Chapter 2 are well 
suited to this purpose. Two such matrix switches are required for a two- 
dimensional array. Certain of the addressing bits are used to drive one 
matrix which produces a signal on one of m output lines, and the remain¬ 
ing information bits drive the other matrix switch with n output lines. 
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Although the diode matrix switches are in themselves generally quite 
satisfactory, a separate current driver is needed for each drive line in 
the array. A total of m + n current drivers is objectionably expensive, 
and something better than multi-dimensional selection systems with 
their attendant problems is desired. 

It has already been explained that a pulse transformer is desirable 
in the current driver output circuit for the purpose of obtaining current 
flow in both directions and for the purpose of obtaining current amplifi¬ 
cation. By using additional windings on the pulse transformers and by 
operating them in a somewhat different way it is possible to devise a 
system whereby the selection of the desired core is obtained directly from 
the information bits that specify the address. The addressing informa¬ 
tion may be coded in either the binary or the decimal number system. 
When the driving transformers are used in this way they constitute what 
is called a “magnetic core matrix switch.” As will be explained, there are 
some problems involved in designing a magnetic core matrix switch that 
will perform all of the selection functions for large core arrays, and it 
is usually found that the most desirable selection system for a large stor¬ 
age capacity involves a combination of all three of the principal selection 
mechanisms. These three mechanisms are coincident currents, magnetic 
core matrices, and diode matrices. 

One form of magnetic matrix switch is shown in Fig. 8-13 (a). The 
horizontal bars in this figure represent the switch cores, but it should bn 
understood that the usual physical construction of the cores is in the 
form of a toroid. The various windings on the cores are indicated by 
vertical lines, and it may be assumed that the direction of current flow 
is always downward in each of the drive windings of the matrix switch, 
The drive windings of the matrix switch should not be confused with the 
drive windings of the core storage array; the output windings of the 
switch are the drive windings of the storage array. The mirror system 
of notation which was introduced in Chapter 5 in connection with one of 
the magnetic core systems of circuit logic is useful here for indicating iln> 
location and polarities of the switch core windings. Briefly, a short diago¬ 
nal line at the intersection of a core and a wire indicates the presence 
of a winding. The current in the wire may be visualized as being a small 
beam of light. The current tends to carry the core to its off or on stall' 
in accordance with whether the diagonal line would tend to reflect Min 
beam to the left or right, respectively, in the fashion of a mirror. j 

To operate the magnetic core matrix switch in Fig. 8-13 (a) the lime 
information bits that are required for controlling the eight output linen 
are placed in flip-flops or analogous binary storage devices. The out pul 
signals from the flip-flops control a set of bias drivers. If, for example, 
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Fin. 8-13. Magnetic core matrix switches. 
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the 2 1 flip-flop contains a 1, the bias driver connected to the 1 output of 
this flip-flop supplies a current to the corresponding bias drive line m the 
matrix switch. This line has windings on switch cores 3, 4, 7, and 8. The 
current in the bias winding tends to hold these cores in the off condition. 
The magnitude of the mmf supplied by the bias windings is sufficient to 
hold each core in a saturated condition; in fact, the magnitude of the 
mmf may be several times the coercive force of the switch core material. 
Point S in Fig. 8-13 (b) indicates the status of a switch core when current 
from one bias winding is applied. From the pattern of the bias windings 
in Fig. 8-13 (a) it may be observed that for each combination of bits that 
might be stored in the flip-flops there is one switch core which will receive 
no bias current. Other switch cores will have currents in one, two, or 
three bias windings. The core with no biasing current is said to be se- 

lected. # . 

If a pulse of current is applied to all switch cores by the set driver, an 

mm f in the on direction will be generated in each core. The matrix switch 
is designed so that the magnitude of this mmf is approximately the same 
as the biasing mmf in each winding. Because the switch cores have rec¬ 
tangular hysteresis loops, the set current will create no flux change in 
any of the unselected cores. However, the selected core, which has no 
initial bias mmf, will be carried to point S' on the hysteresis loop, and 
the flux change that occurs in the switch core will cause a voltage to bo 
induced in its output winding. This output voltage is used for the drive 
signal in one of the X or Y drive lines of the storage array. Note that 
by using suitably large biasing and setting mmf’s the time for flux re¬ 
versal in the switch cores can be made very small, and the amount of 
energy transmitted through the cores from the setting driver to the stor¬ 
age array can be made very large. The selected core is returned to it* 
initial status either by reversing the direction of current flow in the h»T 
drive windings or by subsequently applying a current of equal magnitude 
in another set of windings called the reset windings. The latter arrange- 

ment is indicated in the figure. I 

The number of bias drivers can be reduced by using an arrangement 

of the type illustrated in Fig. 8-13 (c). With this scheme only the 1 OUt ■ 

put from each flip-flop is needed to control the bias drivers. However, 

certain of the switch cores are biased in the off direction at all times by 

current in a “0 driver.” In some cores this biasing current is shown us 

being passed through two or three biasing windings in scries to indieiits 

two or three, respectively, units of biasing mmf. The biasing minf's I mill 

the flip-flop bias drivers tend to hold some cores in the off slate mid 

others in the on state. The pattern of the windings is such that for cimh 
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combination of addressing bits there is one switch core which has a net 
bias mmf of zero while all other switch cores are biased in the off direc¬ 
tion. The operation of the set and reset pulses is the same as before. In 
this case the price paid for a reduction in bias drivers is an increase in 
the number of bias windings on the switch cores and a tightening of the 
tolerances on the bias currents because in one core three bias currents in 
the on direction oppose three currents in the off direction. 

When either of the magnetic matrix switches in Fig. 8-13 is expanded 
to handle storage arrays of large capacities, the number of bias drivers 



Fici. 8-14. Combination of magnetic core switching matrix and diode matrices. 
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or the number of bias windings becomes much greater than would be 
desirable. Two alternative approaches are possible. One is to employ sets 
of cascaded magnetic core matrix switches, and the other approach is to 
do some of the selection with relatively simple diode matrices. An exam¬ 
ple of this second approach is shown in Fig. 8-14. When there are 16 
output lines, as indicated, 4 binary digits are needed to specify the de¬ 
sired line. The 4 flip-flops are divided into 2 groups of 2 each, and a 
diode matrix is used with each group to control one of 4 bias drivers. The 
total number of diodes required for the 2 matrices is 16. The diode mat¬ 
rices and bias drivers are designed so that bias current is supplied to all 
but one bias line in each group of 4. From a study of the pattern of bias 
windings it may be readily observed that the operation of the core matrix 
is substantially the same as for the switch shown in Fig. 8-13 (a) in that 
the selected switch core has no bias mmf with all other switch cores 
being biased in the off direction. There is no change in the functioning 

of the set and reset pulses. 

When a matrix switch of the type shown in Fig. 8-14 is expanded to 
drive a 64 X 64 storage array, two flip-flops are added. These flip-flops 
drive a third diode matrix which controls 4 additional bias drivers. Each 
of the added bias drivers biases one of the 4 groups of 16 switch cores. 
Of course, two such matrices, each with 64 output lines, are needed to 
operate the storage array, one matrix being used for the X drive lines and 
the other for the Y drive lines. It may be observed that the total number 
of bias drivers in each 64-output matrix is 12, which happens to be t he 
same as the number that would be required for an extension ot the 
switch in Fig. 8-13(a) to 64 outputs. However, the number of bias wind¬ 
ings required on each switch core has been reduced from 6 to 3 in h 

matrix of this size. 1 

Another variation that could be used for the 64-output matrix is to 
arrange the 6 flip-flops in 2 groups with 3 flip-flops in each group. The 
total number of diodes required for the matrices would be greater mid 
the number of bias drivers would be increased to 16, but only 2 bin* 
windings on each switch core would be needed. The 16 bias lines would 
be divided into 2 groups with 8 lines in each group. The output signal" 
from the diode matrices would control the bias drivers in such a manner 
that bias current would be supplied to all lines except one in each group, 

Some of the more important characteristics of the four major varlil 
tions of the 64-output matrix switches are summarized in Table 8-1. Ill 
the interest of low cost and for other reasons the smallest possible nil DM 
ber of bias drivers, the smallest number of bias windings per core, mid 
smallest number of diodes are desirable. If the storage system is In Imi 
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Table 8-1. Characteristics of Certain 64-Output Matrices for 

Driving Core Storage Arrays 



Number 
of Bias 
Drivers 

Number 
of Bias 
Windings 
per Core 

Number 
of Diodes 

Number 
of Series 
Windings 
in Each 
Bias Line 

Number 
of Bias 
Drivers 
Conducting 
at Once 

All-core matrix 

12 

6 

0 

32 

6 

Two flip-flops in each 



of three groups 

12 

3 

24 

16 

9 

Three flip-flops in each 




of two groups 

16 

2 

48 

8 

14 

All-diode matrix 

64 

1 

176 

1 

63 


operated at high speed, a small number of bias windings in series on 
any one bias drive line is desirable for minimizing the inductance in the 
line. The number of bias drivers conducting at any one time is an im¬ 
pel tant factor in drive circuit designs that do not allow a large powei 
dissipation. The data for the all-diode matrix is included in the table 
for comparison purposes only; actually, if all of the selection other than 
I hat obtainable from the coincident current effect in the storage array 

were to be accomplished with diodes, the method of operation devised for 
switch cores would not be used. 

Coincident Current and Anticoincident Current Magnetic Core Ma¬ 
trix Switches. Two other forms of magnetic core matrix switches are 
• liown in Fig. 8-15. One is called coincident current because the selected 
switch core is switched to the on condition by the coincidence of two cur¬ 
rents, but the details of operation are not the same as in a storage array 
of the coincident current type. In particular, there is no problem from 
cores being switched by “half-select” currents in the matrix switches to 
be described. Current in a set of bias windings resets the selected core to 
I lie oif position. The form known as the onticoincident current matrix 
switch is similar except that no bias windings are used. Instead, the 
biasing function is accomplished by passing currents in the opposite di¬ 
rection through one set of drive windings. 

Fig. 8-15 (a) illustrates the coincident current switch. The switch cores 
in this figure are indicated in edge view by heavy diagonal lines. All of 
the cores are held in the off condition by a current in the bias winding. 
The off condition is represented by point S in Fig. 8-13 (b). To switch 
a core to the on condition, currents arc passed through one drive wind- 
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Fig. 8-15. Coincident and anticoincident current matrix switches. 


ing in each of two sets of drive windings, where the sets may be reform I 
to as the vertical and horizontal windings, respectively. The drive wind ¬ 
ings in the matrix switch should not be confused with the A' and 1' drive 
windings in the storage array itself. The magnitude of the mmf’s emitn| 
by the drive windings is equal to the magnitude of the bias mini' willi 
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the result that the switch core which receives a drive mmf from both the 
vertical and horizontal winding is switched to the on condition. The net 
mmf in other cores in the same row and column is reduced to zero by 
the driving currents, but there is no change in flux in the other cores 
because of the rectangular nature of the hysteresis loop. When the cur¬ 
rent in the drive windings is terminated the mmf from the bias winding 
is effective in returning the selected switch core to the off condition. 
W hen the flux in the selected switch core is reversed a signal is generated 
in the output winding of this core, and with proper design this output 
signal is suitable for driving an X or a Y line in the core storage array. 
Note that there is no specific upper limit to the magnitude of the mmf 
that can be used in the switch cores. 

The anticoincident current matrix switch is shown in Fig. 8-15 (b). 
The horizontal drive lines are called read drive lines in this arrange¬ 
ment and the vertical drive lines are called read bias and write drive 
lines. There are no separate bias windings. In operation the selected 
switch core is switched on (for reading in the storage array) by sending 
drive currents through all read bias and write drive lines except in the 
column containing the selected core and by sending a similar current 
through the read drive line corresponding to the selected core. The de¬ 
sired effect is obtained from the fact that the mmf’s from the read bias 
and write drive lines tend to hold the cores in the off state while the 
mmf’s from the read drive line is in the direction for setting the cores 
to the on state. The selected core is returned to its off condition (for 
writing in the storage array) by terminating the current in the read 
drive line and then passing a current through the read bias and write 
line that includes the selected core. As with the coincident current ma¬ 
trix, there is no specific upper limit to the magnitude of mmf that can 
be used. 

The anticoincident current arrangement has the obvious advantage 
Unit no extra windings for biasing are needed on the switch cores, al¬ 
lhough a slight increase in the complexity of the driving circuits is 
required to provide currents in all read bias and write drive lines ex¬ 
cept one and then to create a current in this one. Also, care must be 
taken to insure that the read currents are not generated prior to the 
READ bias and write currents. 

With either of the two magnetic core matrix switches shown in Fig. 
H-15 the selection of the proper vertical and horizontal drive winding is 
usually accomplished by means of diode matrices. In a 64 X 64 coinci¬ 
dent, current core storage plane, for example, two 8x8 core matrix 
switches are required for the A r and Y drive lines. Each dimension in 
each of the two matrix switches requires 8 drivers, so that a total of 32 
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drivers are needed for the selection of one out of 4,096 storage cores. It 
may be observed that the desired storage core can be designated by a 
binary number containing 12 binary digits (since 2 12 = 4,096). The con¬ 
trol of the 32 drivers by the 12 binary digits is accomplished by assign¬ 
ing three digits into each of four groups. Each group then provides the 
input signals for an 8-output diode matrix suitable for controlling one 
set of 8 drivers on a core matrix. 

In many respects the core matrix switches described in this section 
are combinations of ideas presented in the previous section; there are 
some differences in the elimination of the set and reset lines. When a 
rapid flux reversal is to be obtained in the switch cores without the set 
and reset lines, the rise-time requirements on the currents in the drive 
lines are more stringent, but an equally high speed of operation of the 
storage array is possible. ! 

All of the storage arrays and matrix switches which have been de¬ 
scribed can be adapted to the decimal number system as well as the 
binary number system. However, with any decimal code there are some 

I 

combinations of addressing bits that are not used. Because of this fact, 
a selection method which is basically binary in character tends to bo 
inefficient from a cost standpoint when decimal operation is involved. 
With the matrix switches described in this section the number of cores 
in either direction in the matrix need not be a power of two for any 
reason. Therefore, either the coincident or anticoincident current scheme 
can be readily adapted to the decimal system by appropriate grouping 
of the addressing bits. i 

Although the figures indicate single-turn windings on the switch cores, 
the usual practice is to employ multi-turn windings to reduce the cur¬ 
rent amplitude requirements on the drivers. 1 

Magnetic Core Storage Array with All Selection Performed Exter¬ 
nal to the Storage Cores. In a coincident current storage system the 
speed of operation is limited by the fact that the maximum applied mini 
must be less than twice the coercive force (if the selection ratio is 2-to-l); 
otherwise, the half-select currents will be great enough to cause mi 
wanted flux reversal in the cores. To gain a higher speed of operation 
it is necessary to perform all selection exterior to the storage element 
itself. | 

One method of external selection is illustrated in Fig. 8-16(a). The 
storage cores in this figure are indicated by the letter S. Each storage 
core is accompanied by two switch cores indicated by A and B. The A 
and B switch cores are operated as two separate and distinct sets, and 
the functioning of each set is similar to the functioning of the switch 
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Fig. 8-16. External selection for high-speed operation. 


cores in Fig. 8-15(a) although there are several differences in detail. 
'The windings linking each S core with its A and B cores could be two 
separate loops of wire, but the arrangement shown has certain advan¬ 
tages from the standpoint of the physical assembly of the array. Note 
that the output current from either switch core will pass only through 
I lie corresponding S core and not through the opposite switch core. This 
effect is obtained because resistance wire is used for that part of the 
circuit indicated by a heavy line in the figure. The resistance wire also 
provides for the damping of oscillations that might otherwise occur. 

\n the interests of simplicity in the drawing, three windings have 
been omitted from Fig. 8-16(a). One is a bias winding passing through 
all switch cores in the A set; the second is a similar bias winding for 
the B set; and the third is a sense winding passing through all storage 
cores. These windings serve the same purpose and operate in the same 
way as the corresponding windings in previously described core arrays. 

Because a switch core produces output pulses of both polarities as its 
flux direction is reversed back and forth, the storage core driving schemes 
used in other arrays will not work when the switch core drives an indi¬ 
vidual storage core directly and supplies the entire amount of current 
needed for (lux reversal in the storage core. The problem which is en¬ 
countered arises from the need to write 0’s in some cores and l’s in others. 
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The two switch cores per storage core are for the purpose of solving 
this problem, and the method of operation is indicated by the timing 
chart in Fig. 8-16 (b). A cycle of operation consists of three steps. The 
first step is for reading. Simultaneous currents are supplied to the X A 
and Y a drive lines corresponding to the selected storage core. The only 
A core in which the flux reversal occurs is the one at the intersection of 
the selected drive lines because the bias current in the A cores prevents 
flux reversal in all cores which receive driving current on only one line. 
The output signal from the switch core sets the corresponding storage 
core to 0 (if it was not already at 0) and the signal induced in the sense 
winding is used to determine the value of the stored binary digit in the 
same manner as before. 

The second and third steps in the cycle are for the purpose of writing. 
The digit to be entered into the storage core may be the one sensed dur¬ 
ing the first step or it may be from another source. In either case, if it 
is a 1, it is sufficient to allow the bias current in the A core to return that 
core to its initial condition of flux, and the output signal will be in the 
opposite direction and will set the storage core to 1. This operation takes 
place on the second step. On the other hand, if the digit to be stored is 
a 0, some method is needed for nullifying the effect of the A core. By 
supplying driving current in the corresponding X# and Yb drive lines 
a pulse of opposite polarity is obtained from the B core. During the 
second step this pulse aids the pulse from the A core in setting the stor¬ 
age core to 1, but on the third step when the flux in the B core is returned 
to its initial value, the storage core is returned to 0 where it remains. In 
other words, the B core signal is generated or not according as the bit. In 

be written is a 0 or a 1, respectively. j I 

The high speed of operation is gained from the fact that by using 
suitable bias and driving currents there is no particular upper limit In 
the mmf that can be generated in the switch cores, and therefore thoj 
mmf in the storage cores can also be made very large. The scheme linn 
obvious disadvantages in that three cores per stored bit are required, 
and the windings linking the switch cores and the storage cores add art 
expense that is not required in other types of core storage arrays. Tin* 
system is nevertheless one of the fastest storage schemes known, and 
with small ferrite switch cores and a suitable method of assembly it may 

be the most desirable in some applications. 1 

It has been reported that an experimental array of this type has hern 
designed at MIT. The time for one complete cycle is 1 microsecond. 

Nondestructive Sensing. The fact that the information stored in a 
magnetic core is destroyed by the sensing process is an undesirable fea¬ 
ture for some applications. For this reason a considerable annum! of 
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inventive effort has been applied to the problem of devising a means for 
sensing the bit stored in the core without resetting the core to 0 and 
thereby requiring that the information be regenerated. A few such means 
have been invented but since none have been carried beyond the experi¬ 
mental stage so far as is known and since the net economic advantage, if 
any, of the various nondestructive sensing schemes is questionable, only 
a brief discussion of the subject will be presented here. 

One way in which the stored bit can be sensed in a nondestructive 
fashion is to apply an mmf at right angles to the flux lines in their nor¬ 
mal circular path around the toroidal core. The effect of this mmf is to 
reduce the amount of flux passing around the toroid, and the resulting 


M M 



M * Magnetizing Winding 

S s Sense Winding 
/ 3 Interrogating Winding 

Fig. 8-17. Nondestructive sensing. 

change in flux linking the sense winding will induce an output voltage. 
'The polarity of the voltage will be dependent upon the direction in 
which the original flux passed around the toroid or, in other words, de¬ 
pendent upon whether a 0 or a 1 was stored. If the disturbing mmf is 
not too great, the core will return to its original condition when this 
imnf is removed. The disturbing mmf can then be applied a second time 
and create a new output signal. Although the total amount of flux pass¬ 
ing around the toroid is diminished somewhat by the sensing process, 
experiments indicate that it is never reduced to zero even after a very 
large number of sensing operations. As long as the direction of the re¬ 
sidual flux remains the same the polarity of the output signal will not 
change, and a correct indication of the stored digit will be obtained, 
even though a high-gain amplifier may be necessary to produce usable 
signals. 

Three methods for producing the disturbing mmf are shown in Fig. 




































a 


394 Digital Computer Components and Circuits 

8-17. The method indicated in Fig. 8-17(a) utilizes an appendage to the 
core in the form of a toroid at right angles to the storage toroid. The 
windings marked M and S are on the storage part of the core and are 
for magnetizing and sensing, respectively. The magnetizing windings 
may actually consist of two or more windings in a coincident current 
selection system of one of the types described previously, and the sense 
winding may be a single-turn wire installed in a manner which has also 
been described previously. The winding marked I on the appendage is 
for “interrogating.” A current in this winding produces an mmf which 
disturbs the flux path in the storage core and produces a temporary re¬ 
duction in the number of flux lines passing around the storage toroid. 
The appendage part of the core need not have a rectangular hysteresis 
loop; in fact, it would be preferable for this part of the core to have no 

hysteresis loop at all. I 

The scheme illustrated in Fig. 8-17 (b) employs an interrogating wind¬ 
ing surrounding the toroid and in the plane of the toroid. With this ar¬ 
rangement the disturbing field will be at right angles to the storage flux 
at all points in the toroid. In one variation which has been studied the 
core was of the wound-ribbon type, and the individual turns of the core 
were sufficiently well insulated from each other to allow the core itself 

to be used as the interrogating winding. . 1 

In Fig. 8-17 (c) a small hole is drilled through the core, its axis at. 
right angles to the axis of the core. A single-turn interrogating winding 
is threaded through the hole. In this case the disturbing mmf is not a I 
right angles to the main flux path at all points, but the net effect of the 
interrogating winding is substantially the same. J 

In another nondestructive sensing system the drive lines of the corr 
storage array are supplied with radiofrequency currents. The frequency 
of the current supplied to the X line of the selected core is different by 
an appropriate amount from the frequency of the current supplied to the 
Y drive line. Both frequencies are several times the normal response frCM 
quencies of the cores. Because of the nonlinear B-H characteristics of 
the core material, the core at the intersection of the selected X and )' 
lines will respond by producing an output signal at the difference nr 
“beat” frequency of the two drive signals. This output signal can bl 
separated from the various spurious signals by the use of filters. If tbd 
core being sensed contains a 0, the curvature of the B-Il characteristic 
will be in one direction, but if the core contains a 1, this curvature will 
be in the opposite direction. It can be shown that the phase ol tin* output 
signal is dependent upon the direction of curvature in the B-II charm’ 
teristic. Therefore, the status of the core can be sensed by (lcterniinln« 
the phase of the output signal. It is believed that the reason that I In* 
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stored information is not destroyed is that the frequencies involved are 
so high that the time in any one half of a cycle is not sufficient for a 
permanent change in the magnetic state of the core and that the current 
in the opposite direction during the succeeding half cycle restores the 
temporary change to its original condition. In one set of experiments 
with ribbon-wound cores the X and Y driving currents were at 5.4 and 
6.8 megacycles, respectively. Although the output signal is at the beat 
frequency of 1.4 megacycles, it is difficult to make a determination of 
(lie phase of the signal during the first two or three cycles, and the speed 
of the sensing method is not quite as fast as might seem feasible. 


BIBLIOGRAPHY FOR CHAPTER 8 


MISCELLANEOUS AND GENERAL 

hilse Responses of Ferrite Memory Cores,” J. R. Freeman, Proceedings of the 
^ Wescon Computer Sessions held August 1954 at Los Angeles, pp. 50-61. 
[experiments on a Three-Core Cell for High-Speed Memories,” J. Raffel and 
S. Bradspies, Convention Record of the IRE, 1955, Part 4, pp. 64-69. 

“Multi-coordinate Selections Systems for Magnetic Core Storage,” R. S. DiNolfo. 
M.S. thesis, MIT, Sept. 1954. 

“Ferrite-Core Memory Is Fast and Reliable,” M. A. Alexander, M. Rosenberg, 
and R. Stuart-Williams, Electronics, Vol. 29, No. 2, pp. 158-161 (Feb. 1956). 
"A Digital Store Using a Magnetic Core Matrix,” A. A. Robinson, V. L. New- 
house, M. J. Friedman, D. G. Bindon, and I. P. V. Carter, Proceedings of the 
Institution of Electrical Engineers, Vol. 103, Part B Supplement No. 2, Con¬ 
tention on Digital-Computer Techniques, pp. 295-301 (April 1956). 

I he IBM EDPM Memory System,” R. E. Merwin, IRE Transactions on Elec¬ 
tronic Computers, Vol. EC-5, pp. 219-223 (Dec. 1956). 

"Ferrite Apertured Plate for Random Access Memory,” J. A. Rajchman, Pro¬ 
ceedings of the IRE, Vol. 45, pp. 325-334 (March 1957). 

"A Transistor-Driven Magnetic-Core Memory,” E. L. Younker, IRE Transac¬ 
tions on Electronic Computers, Vol. EC-6, pp. 14-20 (March 1957). 

"A 32,000-Word Magnetic Core Memory,” E. D. Foss and R. S. Partridge, IBM 
Journal of Research and Development, Vol. 1, pp. 102-109 (April 1957). 
"Digital Information Storage in Three Dimensions Using Magnetic Cores,” J. W. 
Forrester, Journal of Applied Physics, Vol. 22, pp. 44-48 (Jan. 1951). 

I I unites Speed Digital Computers,” D. R. Brown and E. Albers-Schoenberg, 
Electronics, Vol. 26, pp. 146-149 (April 1953). 

"New Ferrite-Core Memory Uses Pulse Transformers,” W. N. Papian, Elec¬ 
tronics, Vol. 28, pp. 194-197 (March 1955). 

"Multiple-Coincidence Magnetic Storage Systems,” R. C. Minnick and R. L. 

Ashenhurst, Journal of Applied Physics, Vol. 26, pp. 575-579 (May 1955). 

"' Small Coincident-Current Magnetic Memory,” W. J. Bartik and T. H. Bonn, 
IRE Transactions on Electronic Computers, Vol. EC-5, pp. 73-78 (June 1956)! 
"Dn the Wiring of Two-Dimensional Multiple-Coincidence Magnetic Memories,” 
N, M. Blachman, IRE Transactions on Electronic Computers, Vol EC-5 nn 

10-21 (March 1056). 


















































396 Digital Computer Components and Circuits 

“A High-Speed Permanent Storage Device,” J. M. Wier, IRE Transactions on 
Electronic Computers, Vol. EC-4, pp. 16-20 (March 1955). 

“The MIT Magnetic-Core Memory,” W. N. Papian, Proceedings of the Eastern 
Joint Computer Conference held December 1953 in Washington, pp. 37-42. 

“Multidimensional Magnetic Memory Selection Systems,” M. K. Haynes, IRE 
Transactions on Electronic Computers, Vol. EC-1, pp. 25-32 (Dec. 1952). 

“High-Speed Coincident-Flux Magnetic Storage Principles,” L. P. Hunter and 
E. W. Bauer, Journal of Applied Physics, Vol. 27, pp. 1257-1261 (Nov. 1956). 

NONDESTRUCTIVE READ-OUT 

“Nondestructive Sensing of Magnetic Cores,” D. A. Buck and W. I. Frank, 
Communication and Electronics (AIEE Transactions, Part I), Vol. 72, pp. 822- 
830 (Jan. 1954). 

“A Radio-Frequency Nondestructive Read-Out for Magnetic-Core Memories,” 
B. Widrow, IRE Transactions on Electronic Computers, Vol. EC-3, pp. 12-15 
(Dec. 1954). \ 

“A New Nondestructive Read for Magnetic Cores,” R. Thorensen and W. R. 
Arsenault, Proceedings of the Western Joint Computer Conference held March 
1955 at Los Angeles, pp. 111-116. 

“The Nondestructive Read-Out of Magnetic Cores,” A. Papoulis, Proceedings of 
the IRE , Vol. 42, pp. 1283-1288 (August 1954). 


; 


Chapter 9 


CIRCUITS AND TUBES FOR DECIMAL COUNTING 


During the earlier stages in the development of digital computers the 
function of decimal counting was of primary importance. In fact, in 
some of the first machines the storage of decimal numbers was accom¬ 
plished by means of counters, and the arithmetic operations were pro¬ 
duced by transferring the numbers back and forth between the sets of 
counters in certain ways. In the more recent computer designs, storage 
and arithmetic are achieved by means other than counters, but the sub¬ 
ject of decimal counting is still of importance in digital applications 
other than the so-called general-purpose computers. In many cases a de¬ 
vice is needed for which the end result is the counting of a series of 
objects, events, or time intervals, and the circuits and components which 
have been developed for this purpose are of the same category as can 
he employed in digital computers. 

1 he term counter,’ incidentally, has a flexible and therefore some¬ 
what confusing meaning. One usage implies a device which counts from 
r.ero to some relatively large number—for example, from 0 to 99,999. A 
counter of this kind would include the cabinet, power supply, control 
circuits, and other equipment needed to make a complete operating unit. 
The term is also applied to a device which only counts from 0 to 9, and 
It is this meaning of the term which will be used here. In the example 

riled, five such decimal counters would be needed in the construction of 
u complete counter unit. 

To perform its counting function a decimal counter must be capable 
nl existing in any one of ten different stable states, and means must be 
provided for stepping the circuit from one state to the next in cyclical 
sequence as electrical pulses are applied. When the counting is performed 
by means of circuits the procedure almost universally employed is to 
assemble a set of binary or bistable circuits in a manner such that tho 
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set as a whole can exist in ten stable states, the pulses being applied to 
the individual binary elements in some specialized way. There are a few 
exceptions to this general rule, and one exception is the capacitor coun¬ 
ter described later in the chapter. However, the exception has been in¬ 
cluded mainly for illustration and not because it has received any wide¬ 
spread use. Reliability is the major factor involved in the selection of a 
set of bistable circuits instead of a single ten-state circuit, but other 
factors, such as visual indicators, frequency response, and circuit stand¬ 
ardization, are often of equal importance. On the other hand, the tubes 
which have been developed for the specific purpose of decimal counting 
have a character which is much more decimal in nature, although it is 
found that when the tubes are used for any type of a computing func¬ 
tion other than simple counting the auxiliary and peripheral circuits arc 
of a binary nature as described in the chapters on systems of circuit 

logic. I 

Decimal Counting Circuits. Ten individual bistable circuits or flip- 

flops are employed in some of the simplest decimal counting arrange¬ 
ments. The ten flip-flops are connected in a ring counter or shifting 
register type of circuit where the output from the tenth flip-flop is re¬ 
turned to the first. Ordinarily, means must be provided to reset the ten 
flip-flops to a condition where one of them is on and th# other nine fil'd 
off. Then, as pulses to be counted are applied, the on state shifts from 
one flip-flop to the next, each flip-flop corresponding to one of the ten 
decimal digits. Since several shifting circuits of this general type went 
included in the chapters on circuit logic, a further discussion of the cir¬ 
cuits themselves will be omitted here. When several counters are con¬ 






nected in a cascaded array for counting to a large number, cariu signiu(j 
must be transmitted from one counter to the next. The carry signal froitl 
any given counter must be generated when that counter passes from 9 to 
0. The generation of this carry signal is more straightforward with sonw 
types of circuit logic than with others, but it is not complicated in any 

case. 1 

In view of the fact that there is no inherent reason why one flip-floj 

in a set must be on with all of the others off, a considerable saving til 

equipment can be obtained by removing this restriction and utilizing nil* 

combination of on and off conditions that is desired. With a set of N 

flip-flops it can be shown readily that the number of different stiibln 

states in which the set as a whole can exist is 2 V . Therefore, with a M 

of 4 flip-flops a total of 16 different stable states can be obtained, anj 

this number is of course six more than is necessary for a decimal conn In 

Any ten of the sixteen states can be utilized, and it is possible to devrli 
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circuits which will cause the four flip-flops to proceed through the ten 
selected states in any sequence. As a result, literally billions of different 
decimal counter circuits can be developed in any single system of circuit 
logic. As might be expected, most of the counter arrangements would 
require so much equipment to cause the proper functioning of the flip- 
flops that the cost advantages in using only four flip-flops would be lost; 
but many counter circuits have been devised which require only a small 
amount of equipment in addition to the flip-flop circuits alone. 

Certain selected decimal counter circuits are presented as examples in 
(lie following sections. Various types of components and systems of cir¬ 
cuit logic have been chosen for illustrations. In view of the great multi¬ 
tude of counter circuits that have been devised, it should not be expected 
(hat the ones selected for presentation here are necessarily the most de¬ 
sirable from any particular standpoint, and it should be realized that 
modifications or completely different arrangements might be preferable 
in many applications. A few of the factors affecting the choice of circuit 
are speed, nature of output signal required, need for visual indication, 
need for counting in reverse, and compatibility with other equipment. 

An 8-4 2-1 Counter Employing Twin-Triode Flip-flops. If four com¬ 
plementing flip-flops are connected in a simple chain circuit, input pulses 
will cause them to proceed through stable states that represent the 
binary system of numbers. The first one will have the weight of 1 with 
(he second, third, and fourth having weights of 2, 4, and 8, respectively. 
With four flip-flops the counter will count from 0000 to 1111, which is 
binary equivalent of decimal 0 to 15. By providing a circuit which will 
cause the counter to skip over the states 1010 to 1111 (decimal 10 to 15), 
a decimal counting action will be obtained. The binary values of the 
individual flip-flops can still be added to provide an indication of the 
digit stored in the counter at any given step. For example, 7 is indicated 
when the 4, 2, and 1 flip-flops are on. The resulting coded representation 
lor the decimal digit is called the 8-4-2-1 code with the understanding 
(hat digit representations greater than 9 will never occur. 

A counter circuit operating with the 8-4-2-1 code is illustrated in Fig. 
0-1. An X on the right-hand side of a flip-flop indicates that it is in the 
ni'F state; the right-hand tube is assumed to be conducting at this time, 
and the corresponding output signal is negative. The input pulses to be 
counted are applied to the 1 flip-flop, which is connected in complement¬ 
ing fashion. Successive pulses cause this flip-flop to change back and 
lorlh between 0 and 1, as indicated by the table shown as a part of the 
figure. Each time the 1 flip-flop changes from 1 to 0 the negative-going 
output signal causes the 2 flip-flop to change to its opposite state. The 
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output from the 2 flip-flop is similarly applied to the 4 flip-flop. The out¬ 
put from the 4 flip-flop is applied to the right-hand grid of the 8 flip-flop 
and causes it to be turned on when the counter steps from the condition 
representing decimal 7 to decimal 8. The output from the 1 flip-flop is 
applied to the left-hand grid of the 8 flip-flop on this same step, but 

8 4 2 4 
0 OOOO 

1 0 0 0 1 

2 0 0 1 0 

3 0 0 11 

4 0 10 0 

5 0 10 1 

6 0 110 

7 0 111 

8 10 0 0 

9 10 0 1 

Fig. 9-1. An 8-4-2-1 counter. 1 

when a flip-flop receives pulses on both grids simultaneously, it respond* 
in a complementing fashion and changes to the opposite state. The step 
from decimal 8 to decimal 9 contains nothing unusual, but when I In' 
counter contains a 9 and an input pulse is applied, the output signal 
from the 1 flip-flop causes the 8 flip-flop to be turned off. The posit ive- 
going signal from the left-hand anode of the 8 flip-flop is applied through 
a capacitor to the grid on an extra tube, which is normally cut off. Till* 
tube acts like a pull-over tube on the 2 flip-flop and prevents it from 
being turned on on this step. The tenth pulse therefore has the effect of 
returning the counter from 9 to 0 as required for decimal action. I 
A negative-going carry signal for use as the input pulse to another 
counter in a series can be obtained from the right-hand anode of tlm H 

flip-flop. J 

A counter circuit of this type has been used extensively in IBM’s typ* 
604 computer although the application in this case is for storage ami 
“accumulating” rather than for simple counting. I 

Two Counter Arrangements Based on the Diode Gate System of 
Circuit Logic. In a decimal counter the status of the four flip-flops nil. r 
each input pulse may be viewed as being a logical function of the et.atil 
of the same flip-flops at the termination of the previous input pulse II y 
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utilizing this concept the diode gate system of circuit logic may be ap¬ 
plied to counter action in a direct way, although the finding of the 
sequence of stable states which provides the most economical circuit is 
not exactly a straightforward problem. In the interests of requiring the 
minimum of background information on the part of the reader, the use of 
Boolean algebra has been avoided in this text. However, the present ex¬ 
ample is an instance where Boolean algebra adds so much to a simplifica¬ 
tion of the explanation and to an understanding of the factors involved 
that it has been deemed advisable to express the counter in terms of the 
algebra. (The principles of Boolean algebra are described in the author’s 
Arithmetic Operations in Digital Computers.) The notation used here is 
that a “product” such as AB signifies A and B, a “sum” such as A + B 

signifies A or B, and a bar over a symbol such as A signifies inversion or 
not A. 

F\ to 1. F t 

00000 ^ to 0: F y 

1 0 0 0 1 

2 0 0 10 F z to i: FqF z F\ 

3 0 0 11 F z to 0: F { F z 

4 0 10 0 

5 0101 ^ to 1 F A F Z F{ 

6 0110 F 4 \o Q\ Ft F Z F X 

7 0 111 

8 10 0 0 Fq to 1: F+ F Z F X 

9 10 0 1 F e to 0: 

(o) <b) (c) 

Fig. 9-2. An 8-4-2-1 counter scheme adaptable to the diode gate system of circuit 

logic. 

For a counter operating in the 8-4-2-1 code the arrangement to be 
lined is illustrated in Fig. 9-2(a). From an examination of the sequences 
of the binary states of the four flip-flops, F 8 , F 4 , F 2 , and F 1 , it is apparent 
Hint each flip-flop changes to the opposite state on each step when all 
IIip-flops to the right are at 1 except on the step where the counter re¬ 
in rns from decimal 9 to 0. It is possible to develop a counter circuit 
bused on these observations. Each flip-flop would be connected in com¬ 
plementing fashion with a pulse being sent to F x on each step; a pulse 
would be applied to F 2 on each step where F x is a 1 initially except when 
!\ in simultaneously at 1; F. { would receive a pulse on each step where 



F z to 1 
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F, and F 2 are at 1 initially; and F s would be complemented on steps 
where F 4 , F 2 , and F x are all on 1 or where F 8 and F x are on 1 mitia y. 

A more interesting circuit configuration, which avoids the complement¬ 
ing connections to the flip-flops, can be developed by determining the 
specific conditions needed for setting the flip-flops to 1 or 0. These con¬ 
ditions as determined for a counter operating in the 8-4-2-1 code are set 
forth in Fig. 9-2 (b). Flip-flop F 4 is set to 1 each time this flip-flop was 
on 0 on the previous step and set to 0 each time it was on 1 previously. 
The conditions for the input signals to the two sides of the flip-flop are 

therefore F 1 and F lt respectively. The conditions for setting F 2 and the 
other flip-flops to 1 or 0 are less trivial. In the case of F 2 it may be ob¬ 
served that when the counter is stepped from decimal 1 to 2 or from 5 
to 6 the status of F 2 is changed from binary 0 to 1. A study of thebmaiT 
representations of the ten decimal digits will reveal that decimal dxgi « 

1 and 5 may be identified by the conditions that F s and F* are both at 
0 and that F 4 is at 1. The switching function^ be used in gating the 

input signal to the 1 side of F 2 is therefore F»F 2 F j. 

That F 8 F 2 F i is both a necessary and sufficient condition for changing 
F 2 from 0 to 1 may be determined in a more thorough manner by using 
the chart in Fig. 9-2 (c). Decimal digits 1 and 5 are represented >y 

F 8 F 4 F 2 Fi and F 8 F 4 F 2 Fi, respectively. These two combinations of var • 
ables are indicated by l’s in the chart. Since the counter will never ar¬ 
rive at any decimal digit in the range of decimal 10 through 15, t 
corresponding combinations of variables will never be applied to tM 

switching network. Each of these combinations (F H F\F 2 F X for deemm 
10, for example) is indicated by an X in the appropriate square in he 

chart. When the counter is at decimal 2 or 6 at the time an inpu P 
is applied flip-flop F 2 is to be set to 1 for the representation of the m xt 

higher digit; but it is already on 1, and it therefore makes no differenoj 
whether or not a pulse reaches F 2 on either of these two steps. Decinm 

digits 2 and 6 are represented by signal combinations F 8 FJ <1 \ am 

F 8 F 4 F 2 F 4 , and each is indicated by the symbol X' in the chart. W« 

searching for the simplest representation of the switching fu " ctl0I J " 
used the squares containing l’s in the chart must be 'ncluded^in the ; 

“don’t care” conditions and may be included or not. In this partici lJ 
instance the “don’t care” conditions jire of no help, and the simp» k 

function is readily observed to be Wi. (The reference mention^ 
above includes a more complete explanation of the usage of charts of 

this type.) ™ 


The switching functions applicable for setting F a back to 0 and foi* 
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setting F 4 and F 8 to 1 and 0 on the desired steps are as indicated in Fig. 
9-2 (b). Each of these functions can be found through a study of the 
binary sequences of the flip-flops or can be determined in a more sys¬ 
tematic manner by the chart method as illustrated. 

a b c D 

0 oooo 

1 0 0 0 1 ' 

2 0 0 11 

3 0 0 10 

4 0 10 0 

5 0 10 1 

6 0 111 

7 0 110 

8 110 0 

9 10 0 0 

(o) 



(d) 

bid. 9-3. Simplified decimal counter arrangement adaptable to the diode gate 

system of circuit logic. 

Another counter of the same type but employing a different sequence 
• »f binary digits is illustrated in Fig. 9-3. When compared with the pre- 
' ions counter, this arrangement has the following advantages. Less 
< w itching equipment is required. The setting of a given flip-flop is never 
dependent on the Hiatus of the same flip-flop on the previous step, and 
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some improvement in reliability can be gained thereby. For a given flip- 
flop design the maximum counting speed is increased by the fact that no 
flip-flop need change state on two successive input pulses. There is less 
load on the input signal because no more than two flip-flops change state 

on any one input pulse. , . I 

Since the sequences of the binary digits as indicated m Fig. 9-3 (a) is | 

not the 8-4-2-1 pattern, the flip-flop designations have been changed to 

A B, C, and D. The switching functions needed to cause the flip-flops 

to follow this sequence are given in Fig. 9-3 (b). The chart method for 

determining the function for setting D to 1 is shown in Fig. 9-3 (c) as an 

example. Flip-flop D is set to 1 when the counter initially contains ft 

decimal 0 or 4. The representations for these two digits are ABCD and 

ABCD, respectively, and a 1 is placed in each of the corresponding 
squares in the chart. Binary combinations, 1001, 1010, 1011, 1101, and 

1111 never occur with this counter configuration, and the corresponding 
squares in the chart are each indicated by an X. When the counter con¬ 
tains decimal 1 or 5 at the time of the input pulse, D is to be set to 
binary 1, but since it is already at 1 at this time, these two decimal 
digits are “don’t care” conditions. The corresponding squares are each 
marked by an X'. From the chart it may be determined that the simplest. 

switching function is AC and is obtained by including the two X' squares 

in this case. . I 

The counter circuit is shown in Fig. 9-3(d). The simple diode ANOl 

circuits shown in this figure may not always be adequate from a practi¬ 
cal standpoint. A possible difficulty with the circuit as shown is that 
when the state of one flip-flop is reversed, the change in load in another 
flip-flop may be sufficient to cause the state of the other flip-flop in bn 
reversed also. Refinements may be included in the circuit to provide bct*l 
ter isolation between the flip-flops without affecting the principle of 
operation of the counter. It may have been observed that the input, 
pulses to be counted are applied at a point in the circuit where cinch 
pulses are normally applied with the diode gate system of circuit, login. 
The use of separate clock pulses is unnecessary when only a counting 
function is desired. When the counter is a part of a more comprehensive 
logical configuration it may be preferable to use the input signal a* a 
gate for the clock pulses, but in this case it would be necessary to put* 

vide extra and switching at each flip-flop input. _ J 

If binary output signals in the 8-4-2-1 code are desired from tilt 

counter circuit in Fig. 9-3(d), they may be obtained from the Ilip-floJ 

output signals by using the switching networks indicated by the follow! 

ing Boolean expressions. The F notation signifies the signals after truifl 

lation to the 8-4-2-1 code. 
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F, 


A 


Fi = AB 


F. 


C 


Fy = AB + CD + CD 

Shifting Counters. With systems of circuit logic which involve only 
pulse-type signals (these include the a-c system and most of the systems 
based on magnetic core shifting circuits) the design of a counter cir¬ 
cuit seems to be a more complex problem than with systems which pro¬ 
duce steady-state signals. The source of the complexity is not exactly 
the same in each case but is related to the fact that the actuation of one 
flip-flop or bistable circuit from the output of another similar circuit is 
less straightforward. In some applications a reasonably simple counter 
circuit can be obtained by utilizing a shifting technique whereby the 
binary digits in the bistable devices are shifted as in an ordinary shifting 
register. The binary digit to be entered in the first stage of the register 
at each step is a function of the digits existing in the counter at the ter¬ 
mination of the previous step. 

For a decimal counter, the binary digits may be entered in any of the 
following sequences. 

1111001000 

1111010000 

1111011000 

1111010010 

1100110101 

Other sequences may be obtained by reversing or inverting, or both, any 
of those given in the above list. The contents of the bistable circuits in 
a decimal counter operating with the first listed sequence is illustrated 
in Pig. 9-4(a). Note that the binary digits in the column corresponding 
lo the A circuit are in the indicated sequence and that the binary digits 
are shifted to the right one position for each step of the counter as a 
whole as it proceeds through its representations for the ten decimal digits. 

The function for determining the digit to be entered at A on each step 
can be obtained with the aid of the chart in Fig. 9-4 (b). The binary 
combinations 0000, 0101, 0110, 1010, 1011, and 1101 never occur, and the 
corresponding squares are each indicated by an X. A binary 1 is shifted 
into A each time the counter contains a decimal 0, 1, 2, 5, or 9 initially, 
nnd these squares are each indicated by a 1. From an examination of 
I lie chart and by noting that the X squares are “don’t care” conditions 
which may be included or not it may be determined that the simplest 
switching function for generating the binary digit to be shifted into A is 

AH + I IiD. 
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The resulting counter circuit is given in Fig. 9-4 (c). In the absence of 
input pulses the signal from each amplifier is returned through a 0.75 
cycle delay to one of its own input lines for storage. It may be assumed 
that the counter is reset to decimal 0 by entering the binary digit combma- 
tion 1000 with the aid of circuits not shown in the figure. When an input 
pulse is applied, the recirculation of the individual binary digits in the 
bistable circuits is inhibited, and each digit is allowed to be shifted to the 
next circuit to the right. The and switches, A x and A 2 , serve the purpose 
of determining whether a binary 0 or a 1 is to be shifted into A on any 
given step. An indication of the decimal digit stored in the counter can 
be obtained by sensing the status of certain of the bistable circuits. For 


A B C D 
O 10 0 0 

1 110 0 

2 1110 

3 1111 

4 0 111 

5 0 0 11 

6 10 0 1 

7 0 10 0 

8 0 0 1 0 

9 0 0 0 1 

(a) 



Fio. 0-4. Shifting counter using the a-c system at circuit logic. 



AD + ABD 


(b) 


. 


Circuits and Tubes for Decimal Counting 407 

example, if ACD is equal to 1, it is known that the counter contains 
a decimal 9. 

When adapting these counter principles to the various magnetic core 
shifting circuits it is often found that the cores needed for determining 
the digit to be entered at the first stage of the register consume almost 
as much equipment as would be required when a full ten-stage shifting 
register is used. Some simplification can be obtained by using a five- 
stage shifting register and by entering the inverse of the signal obtained 
at the last stage. The sequence of binary digits is then as follows. 

ABODE 

0 00000 

1 10000 

2 11000 

3 11100 

4 11110 

5 11111 

6 01111 

7 00111 

8 00011 

9 00001 

Any given decimal digit can be determined by sensing the status of only 
I wo of the bistable circuits. For example, decimal digit 9 is distinguished 
by the fact that D contains a binary 0 and E contains a binary 1. With 
Home types of circuits the change in the state of a binary circuit can be 
sensed readily, and in this case the step where the counter passes from 
decimal 9 to 0 can be determined when E changes from binary 1 to 0. 
Such a signal would be useful for carry purposes. 

An 8-4-2-1 Counter Employing Core-Transistor Circuits. Although 
most of the systems of circuit logic which require clock pulses or driving 
pulses in addition to the information signals are not well adapted to 
counter applications, the core-transistor circuits illustrated in Figs. 5-19 
In 5-21 are an exception. The reason for the adaptability of this form 
of circuit logic to counters is that the output signal from a given core 
cun be used as either the setting or resetting signal for another core. A 
decimal counter employing this type of circuit is illustrated in Fig. 9-5. 

('ores Si, S 2 , and S 4 in the figure are connected as complementing flip- 
IlnpN of the type described previously. The input pulses to be counted 
urn applied to the trigger input of core S(, which can be considered as an 
input core and not a part of the counter itself. Prior to each input pulse 
u signal must be applied to the* input winding of this core to set it to 1. 
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When Si is reset to 0 by the pulse to be counted, the output signal from 
this core tends to reset Si to 0 because the output current is passed 
through the trigger winding of Si. If Si was at 0 initially, it will remain 
in this condition until the output signal from S, reaches its input winding 
through the delay line, at which time it will be set to 1. On the other 
hand, if Si was at 1 initially, it will be reset to 0, and it will not be sub¬ 
sequently set to 1 by the delayed signal from S< because there will be an 
inhibiting signal applied to the inhibiting winding. The inhibiting signal 
is obtained from the output of the delay line between Si and S 2 . The 
functioning of S 2 and S 4 is similar. 



Fig. 9-5. A decimal counter employing a core-transistor system of circuit logic. 


The decimal action is obtained from the fact that the output from 
also triggers *S 8 to 0, and the setting of S 2 to 1 is inhibited by the delayed 
output from S 8 as well as by its own delayed output. When the counter 
steps from decimal 7 to decimal 8 with this arrangement the output sig¬ 
nal from S 4 as it is reset to 0 is effective in setting S 8 to 1 because 11m* 
delay line between these two cores causes the signal to appear after tin 
triggering pulse from Si. When the counter contains a decimal 9, corii 
Sx and S 8 contain l’s and S 2 and S 4 contain 0’s. The next input pulse 
causes Si to be reset to 0, and the output from Si causes S 8 to be reset to 
0. The delayed output signal from S 8 passes through the inhibiting wind¬ 
ing of S 2 at the same time that the signal from Si arrives at S 2 . Their 
fore, all four cores in the counter have been returned to 0 at the end of 
this operation, and the counter is returned to decimal 0. . I 

The output signal from the decimal counter may be obtained from N» 
to drive another core, S 0 , as shown. If the output is to be used as a can y 
signal to drive another counter of the same type, the output circuit I mm 
S 8 may be connected in the same manner as S* so that the S„ 00 m bn. 
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comes the Si of the next counter, and no additional equipment is needed. 

Counter Circuit Employing the Charging of a Capacitor. It 
might seem that a very simple and inexpensive counter could be built 
around the idea of using the input pulses to charge a capacitor. If the 
leakage currents are not too great, the capacitor will retain its charge 
for an appreciable length of time between pulses and, in effect, store a 
digit representing the number of pulses that have been applied. When 
the potential across the plates of the capacitor reaches a certain value 
representing the counting of a fixed number of pulses, a special circuit 
would be triggered to return the capacitor to its initial uncharged state. 



Fig. 9-6. Counter circuit employing the charging of a capacitor. 


It is quite possible to build such a counter; however, as might be ex¬ 
pected, it is necessary to take fairly elaborate precautions in the design 
of this type of counter to insure reliability. 

A capacitor-charging counter circuit including some of the more basic 
refinements is shown in Fig. 9-6. The input pulses to be counted are of 
positive polarity and are applied to the control grid of tube 7i, which is 
11 pentode. The major purpose of IT is to produce a standard-sized pulse 
for supplying uniform quantities of charge to the storage capacitor. 
Tube Fi is normally in the cut-off condition, and when the input pulse 
causes it to conduct, a negative pulse is sent from the anode through 
capacitor C\. Because of the clamping action of diode Z>i, the potential 
al point X does not become negative with respect to ground. At the termi- 
nntion of the input pulse a positive signal appears at point X because of 
flic positive-going signal which is passed through CT There is now a high 
impedance across I),, but D 2 is connected in the forward direction so that 
capacitors Cj and C a appear in series. The potential at point Y reaches 
a value determined by the relative magnitude of the two capacitors. The 























































410 Digital Computer Components and Circuits 

capacity of C 2 is normally much larger than the capacity of Ci, and the 
change in potential at Y is therefore small compared with the amplitude 
of the output of Fi. At the termination of the positive pulse, the charge 
on C 2 will remain. A second pulse at the input will cause another quantity 
of charge to be “dumped” into C 2 for storage. By this action the potential 
at Y will build up in steps as successive pulses are counted. Note that the 
magnitude of the steps will gradually become smaller as the potential of 
Y increases. 

Tube V 2 is in a blocking oscillator type of circuit and is normally held 
in a cut-off condition through the action of a cathode load resistor which 
is in common with this tube and a cathode follower tube, F 3 . When the 
potential of point Y becomes positive enough to allow F 2 to conduct, 
the blocking oscillator action of F 2 is initiated. The feedback from the 
pulse transformer causes the grid of V 2 to become more positive in 11 
regenerative fashion and serves the purpose of discharging C 2 . An output 
signal for driving another counter in cascade or for other purposes nmy 
be taken from a third winding on the pulse transformer. The potent ml 
at which the resetting occurs can be varied by varying the position of 
the tap on the potentiometer in the grid circuit of F 3 . In this way t he 
number of pulses that the circuit will count can be altered. Another pur¬ 
pose of the potentiometer is to reduce the requirements on the precision 
of the other components in the circuit; by appropriate adjustment of tin* 
potentiometer the circuit can be used to count to a given number of 
pulses without the close tolerance specifications which would otherwise 

be required. 1 

The effects of supply voltage variation are greatly diminished in IliU 

circuit because the amplitude of the signal from the anode of the pentode, 
Fi, can be made proportional to the supply voltage to a close appro*I* 
mation. Since the potential of the cathode of F 2 is also approximately 
proportional to the supply voltage, the required triggering potentia l a I 1 
varies in the same manner, and functioning of the counter is thereby 
largely independent of the supply voltage. 1 

By careful design and adjustment a counter of this type can be mndn 
to count to a fairly large number, perhaps 100 or more, but a praclind 
limit is probably in the order of 10. Counting speed is also a matte 1 "f 
design, pulse repetition rates of hundreds of kilocycles per second bmnu 
achievable without excessive difficulty. An outstanding disadvantage of 
counters employing the charging of capacitors is that the leak ago of 
charge from the capacitor makes this type of counter unsuitable in npplU 
cations where the counter must remain in a quiescent state for a lmi|| 
period of time between the application of pulses. Another unallmcdlvi 
feature when compared with flip-flop counters is that flip-flop coil id i'll 
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can be assembled with the same logical elements used in other parts of 
a computer, whereas the circuits for the capacitor counter are special. 
Also, when all design considerations for reliable operation are included, 
it is usually found that a capacitor counter is very nearly as expensive 
as other counters. Because of these factors, capacitor counters are not 
widely used, although at least one computer based on a counter of this 
category is known to have been built. 

Counter Tubes. Special tubes which have been developed for counting 
generally fall into two categories, gas-tube counters and vacuum-tube 
counters. The principle of operation in all gas-tube counters is that the 
voltage necessary to initiate a cold-cathode glow discharge is greater 
than the voltage required to sustain it after it has once been initiated. 
By placing several cathodes in the tube it is possible to cause the glow 
discharge to exist in a state of stable equilibrium on any one of them. 
The different designs of gas-tube counters differ from one another in the 
mechanism by which the glow is caused to be transferred from one cath¬ 
ode to the next in response to electrical pulses to be counted. 

With vacuum-tube counters, on the other hand, the electrons from 
the cathode must be focused by some means or other on one of several 
anodes. The conditions for equilibrium can be achieved by the alteration 
in the electrostatic field within the tube as caused by voltage drops in 
load resistors connected in series with the anodes. Alternatively, equilib¬ 
rium can be established by a feedback system from the anode circuits 
to the electron beam deflection system. The counting action is obtained 
by applying pulses which temporarily disturb the field within the tube 
in such a manner that the electron beam is caused to shift from one 
anode to the next. 

For counting, there must be means for coupling the carries from one 
counter tube to the next. The carry circuit is in principle just a circuit 
for sensing when a given counter passes from the state representing 9 
lo the state representing 0. It is necessary that this carry circuit supply 
!o the next counter tube a pulse of proper magnitude and shape for en¬ 
tering a pulse in that tube. While a carry circuit is an essential thing, no 
ideas particularly novel to computing machinery are involved in the de¬ 
sign of carry circuits; ordinary pulse circuit techniques may be used. For 
Ibis reason and also because the details of the carry circuits vary vastly 
for the several different types of counter tubes, the emphasis here will 
bo on the counter tubes themselves and not on the multitude of miscel¬ 
laneous circuits that might be used in conjunction with them. 

The IBM Gas-Tube Counter. A gas-tube counter developed at IBM 
employs a set of hollow cylindrical cathodes to maintain the glow in 
stable equilibrium and a sot. of “transfer wires/" one on each cathode, to 
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cause the transfer of the glow discharge from one cathode to the next. 
The general configuration of the electrode structure is shown in Fig. 
9-7(a). Twenty cathodes mounted in a closed-loop path are required to 
form a decimal counter. Ten of the cathodes allow the counter to exist 
in ten different states of equilibrium for representing the ten digits 0 
through 9, and ten other cathodes are needed for transferring the glow 
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Fig. 9-7. IBM gas-tube counter 


(b) 


from one of the first cathodes to the next. For simplicity only six cut li- 
odes are shown in the figure and these are numbered 1 through 6. 

Assume that the odd-numbered cathodes are connected to ground lut 
shown and that even-numbered cathodes are either disconnected or con* 
nected to some positive potential of moderate magnitude. When the 
anode is connected through a resistor R to a potential of -f3. r >0 volts, it 
cold-cathode glow discharge will be initiated on one of the even mini* 
bered cathodes in the tube, which contains a suitable gas at a suitable 
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pressure. As soon as the glow has been initiated the anode potential will 
drop because of the voltage drop caused by the current through the re¬ 
sistor. The value of the resistor is so chosen that the anode potential is 
now too low to cause a glow to be started on any other cathode, but not 
so low that the first glow will not be maintained. The tube can now 
lemain in this state of stable equilibrium. Because of the nature of a 
cold-cathode glow discharge, the voltage drop between the cathode and 
anode is dependent on cathode material, gas pressure, and other factors, 
but is not dependent on glow current. As the magnitude of the current 
is changed the area covered by the glow on the cathode is changed 
proportionally, but the cathode-to-anode voltage is not altered; this point 
should be kept in mind for an understanding of the counting action. 

The reason why the cathodes are in the shape of hollow cylinders is to 
piovide effective isolation between them. The cathode glow region is 
maintained on the inside surface of the cylinder by virtue of an insulated 
coating on the outside surface. With the cathode surfaces isolated in this 
way the ions from the glow discharge from one cathode will not migrate 
so freely to the region of another cathode surface and cause a reduction 
in the initiating or “breakdown” voltage for the other cathode. The sta¬ 
bility of the equilibrium condition is thereby increased. This factor is 
particularly important when resistors are placed in series with the cath¬ 
odes for obtaining output signals, as will be described shortly. Further 

isolation is obtained by placing mica shields, not shown in the figure, 
between adjacent cathodes. ’ 

For the transfer of the glow from one cathode to the next, each cathode 
is equipped with an extension or “transfer wire” which extends into the 
region of another cathode. When the glow is on a given cathode, for ex¬ 
ample number 3, the voltage necessary to initiate a glow on the transfer 
wire part of number 4 is greatly reduced because of the ions in the vicin¬ 
ity of the transfer wire. If the potential of the even-numbered cathodes 
is now carried sufficiently below ground potential, a condition will be 
leached where a glow will be initiated on the transfer wire of cathode 4. 
Hy making the even-numbered cathodes still more negative the current 
in the glow on cathode 4 will be increased with the result that the anode 
Potential will be caused to drop to a value where the glow on cathode 3 

can no longer be maintained, and the glow on 3 will therefore be extin¬ 
guished. 

Another fundamental factor in the operation of the tube is that the 
materials used for the transfer wire and the inside surface of the cath¬ 
ode cylinders are different and are selected so that the voltage neces¬ 
sary to sustain a glow on the transfer wire is greater than the sus¬ 
taining voltage for the cylinder. Therefore, when tho glow from the 
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transfer wire extends into the region of the cathode cylinder, as it will 
when the current is made large enough, the glow will become initiated in 
the cylinder. The glow on the transfer wire will be extinguished because 
the cathode-to-anode voltage will correspond to the material of the cyl¬ 
inder and will not be great enough to sustain the glow on the transfer 
wire. The glow has then been completely shifted from cathode 3 to 4. 

If the even-numbered cathodes are now returned to a positive poten¬ 
tial, the anode potential will rise and a glow will be started again in one 
of the odd-numbered cathodes. The particular one will be 5 in this case 
because 5 has a transfer wire extending into the region of the glow on 4. 
The glow will be shifted into the cylinder of 5 and extinguished on 4 by 
the same process as before. The negative excursion and return of the 
signal on the even-numbered cathodes corresponds to the application of 
one pulse to be counted. Successive pulses will cause the glow to step 
along from one odd-numbered cathode to the next, and if twenty such 
cathodes are mounted in a circular path a decimal counting action is 
obtained because the glow will return to its original cathode after every 
tenth pulse. I 

In practical applications there must be means for resetting the counter 
tube to zero and means for sensing the position of the glow. The resetting 
is accomplished easily by opening the circuit to all cathodes except the 
one corresponding to zero. If the glow was on any other cathode, it will 
be extinguished and the rise in anode potential will be sufficient to ignite 
the glow on the only cathode to which an external connection is made. 
The presence of the glow on any cathode can be observed visually, of 
course, but electrical sensing is accomplished by inserting a resistor in 
series with the appropriate cathode. It would be possible to obtain n 
static sensing of the location of the glow by placing a resistor in sericn 
with each of the ten odd-numbered cathodes, but a separate external 
connection through the tube envelope would then be required for each 
one. In most applications it is sufficient to detect when the glow leaven 
the cathode representing 9 or arrives on the cathode representing 0, and 
the voltage pulse obtained across resistors in series with these cathode* 
will yield this indication. Output signal amplitudes of 50 volts or more 
are obtainable with tubes of this type, the limiting factor being the de¬ 
gree of isolation which can be obtained between adjacent cathodes. 

For subtraction, a “self-complementing” version of the tube lias been 
developed. A top view of the cathodes in the self-complementing lube I* 
shown in Fig. 9-7 (b). The anode, not shown in the figure, is a plate ni* 
screen mesh mounted above all of the cathodes and parallel willi l In' 
plane of the paper. The ten digit cathodes are numbered 0 through H, 
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and they correspond to the even-numbered cathodes in Fig. 9-7(a). The 
pulses to be counted are applied to the ten intermediate cathodes, marked 
/, which correspond to the odd-numbered cathodes in Fig. 9-7(a). As 
successive input pulses are applied, the glow proceeds in a clockwise di¬ 
rection around the outside loop. The complementing action is obtained 
by means of the ten additional cathodes marked C and located in the 
center of the array. These cathodes have transfer wires of the same type 
that are on the other cathodes but the positioning is such that the glow 
is moved from a given cathode to the cathode representing the 9’s com¬ 
plement of the given cathode. For example, if the glow is initially on 
cathode number 2, a negative pulse on the complementing cathodes will 
cause the glow to be transferred to one of these cathodes; the particular 
one can be ascertained from the positions of the transfer wires. When 
the negative pulse is terminated the glow will move to cathode number 7. 
Note that 7 and 2 are 9’s complements of each other. A subsequent pulse 
on the complementing cathodes will return the glow to cathode 2. 

As an illustration of subtraction, assume that 5 is to be subtracted 
from 8. The glow is initially on cathode 8, and a pulse on the comple¬ 
menting cathodes transfers the glow to cathode 1, which represents the 
9’s complement of 8. Then 5 pulses are applied to the intermediate cath¬ 
odes. The tube counts these pulses by stepping the glow along to cathode 
(». Another pulse on the complementing cathodes then moves the glow 
to cathode 3, which is the 9’s complement of 6 and which is also the dif¬ 
ference between 5 and 8. 

A number of IBM’s Electronic Statistical Machines, Type 101, have 
been built which employ the self-complementing gas-tube counter for 
accumulating amounts read from punched cards. 

Three-Phase Gas-Tube Counter. Another form of gas-tube counter 
employs a three-phase system for transferring the glow from one cathode 
to the next. The pattern of connections is shown in Fig. 9-8. Thirty 
cathodes are required for a decimal counter. Ten are for representing the 
Ion decimal digits, and two other sets of ten are for transferring the glow. 
Ah with other forms of gas-tube counters, the glow will exist in equilib¬ 
rium on any one of the cathodes because of the voltage drop which oc¬ 
curs in the anode resistor. For purposes of explaining the glow transfer 
mechanism, assume that the glow is on cathode 4, which is one of the 
cathodes connected to ground. In the quiescent state the cathodes 
marked “first transfer cathodes” and “second transfer cathodes” are 
cither disconnected or returned to some moderately positive potential. 

The transfer of the glow from one digit-representing cathode to the 
next, (cathode numbers 1, 4, 7, etc., in the figure) is accomplished in 
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three steps. First, the “first transfer cathodes” are pulsed by a negative 
voltage of sufficient magnitude to cause a glow to be established on one of 
them. Since the ions from the glow on cathode 4 will drift to the region 
of adjacent cathodes, the cathode-to-anode voltage necessary to initiate 
a glow on the adjacent cathodes will be less than otherwise. Therefore, 
the particular cathode to which the glow transfers will be number 5, 
which is the only one of the “first transfer cathodes” which is adjacent to 
4. Because of the negative potential of cathode 5, a somewhat larger 
current will flow from it, and the anode potential will then drop to a 
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First Transfer Second Transfer 

Cathodes Cathodes 


Fig. 9-8. Three-phase gas-tube counter. 

value insufficient to maintain a glow on 4. The next step in the transfer 
process is to bring the potential of the “second transfer cathodes" to a 
negative value and at the same time or shortly thereafter allow the “first 
transfer cathodes” to return to a positive potential. This step causes th* 
glow to shift from cathode 5 to cathode 6, again because of the ionlo 
coupling created by the close proximity of these two cathodes to cncli 
other. The third step is to return the “second transfer cathodes” to ft 
relatively positive potential. On this step the anode potential will rise ami 
a glow will be initiated on one of the original set of cathodes. The partio. 
ular one will be number 7 because it is the closest one of the set to num¬ 
ber 6. Since the anode potential will not rise above the value necessary 
to maintain a glow on cathode 7, the glow on 6 will be extinguished. J 
When using a gas-tube counter of the three-phase type it is necessary 
to develop two pulses, one for each of the two sets of transfer cathode!, 
from the input pulses to be counted. Many different circuit configurft. 
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I tions capable of generating the necessary pulses can be worked out. All of 

them require more components and therefore imply more cost than would 

probably be considered desirable, but the use of two sets of transfer 

cathodes does offer one important advantage. By the simple expedient of 

interchanging the connections to the two sets of transfer cathodes the 

I glow can be caused to move in the opposite direction, and this feature is 

I useful for subtraction. 

I In practical tube designs the thirty cathodes are mounted in a circular 

I path and each one of the set shown connected to ground in Fig. 9-8 repre- 

I sents one of the ten digits, 0 through 9. The resetting of the counter to 

I 0 and the sensing of the digit stored in the counter is accomplished, as 

I before, by bringing out separate leads for some of the cathodes and uti- 

I lizing these connections in appropriate circuits. 

I At least two manufacturers have offered gas-tube counters of this 

■ category for sale commercially. A line of counter tubes manufactured by 

■ Ericsson Telephones, Ltd., in England includes the type GC10D that 

■ can operate at an input frequency up to 20,000 cycles per second, and a 
I miniature type GC10/2P with a 5000 cycle per second operating fre- 

■ quency. Tube types 6476, 6482, and 6802, manufactured by Sylvania 

I Electric Products, Inc., are also counter tubes of the three-phase cate- 

■ gory. 

I Other Gas-Tube Counters. A great many other schemes for obtaining 

a counting action through the use of a cold-cathode glow have been 
H worked out and carried to various stages of perfection. A search of the 

■ patent literature will reveal a multitude of patents on the subject. Some 
H of the variations employ mechanisms which, although workable, are not 

■ attractive from a reliability standpoint. For example, it is possible to 

■ cause the glow to step along through the action of multiple anodes either 
I I'y themselves or in combination with multiple cathodes, but because a 

■ cold-cathode glow is not as sharply defined on the anode as on the cath- 

■ ode, the conditions under which such a counter will work are more 

■ Ntringent. The concept of having more than one glow at a time in the 

■ tube or of having the glow cover incremental areas on one cathode has 

■ also been given much attention. The problems in this case are varied 
H un( f are dependent on the details of the design, but the problems seem 
H to have always been severe enough to prevent the development of a 

I pi actical counter tube based on multiple glows or on glows of varying 

■ sizes. 

The two-phase glow transfer mechanism used in the IBM counter tube 
I lias several variations. In principle, it is sufficient to provide cathodes, 
I each with two parts, where the sustaining voltage for a glow is different 
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for the two parts. The use of two different materials, as in the IBM 
tube, is not the only way by which this difference can be achieved. The 
geometry of the cathode surface has an influence on the sustaining volt¬ 
age. A cold-cathode glow is sustained by virtue of the positive ions in 
the glow near the cathode. These ions are attracted to the cathode where 
they release electrons, which in turn create new ions when they strike 
atoms or molecules in the gas. Therefore, when a glow is on an exposed 
wire the ions in the glow will tend to escape from the region of the glow 
with the result that the sustaining voltage will be greater than when 
the glow is in a hole in the cathode where the ions cannot escape so 



Fig. 9-9. A gas-tube counter variation. 


readily. This effect was utilized in some counter tubes built at the Boll 
Laboratories. The transfer wires and hollow cylinders of the IBM tubfl 
are designed to take advantage of the effect in a supplementary way, 
Another means for obtaining the difference in sustaining voltage 1* 
through the use of constrictions or baffles close to one part of each cathfl 

ode. m 

Placing one part of each cathode closer to the anode than the other 

part to obtain a difference in sustaining voltage for the two parts is t\ 

workable idea but is not particularly effective. Most of the voltage drop 

in a glow discharge occurs very close to the cathode surface with the 

result that the anode-to-cathode voltage, or the sustaining voltage, !| 

very nearly independent of anode-to-cathode distance. J 

A variation which has received considerable commercial attention II 

a two-phase transfer system where partial dependence is placed on e\. 

ternal circuits to obtain the stepping of the glow. The tube with the bin. 
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circuits is sketched in Fig. 9-9. The odd-numbered cathodes each have 
two parts, one part having a relatively high sustaining voltage and the 
other part having a relatively low sustaining voltage. The two parts are 
indicated symbolically by shaded and unshaded areas, respectively. For 
an explanation of the glow transfer mechanism, assume that the glow is 
on cathode 3. Because of the current through R 3 , the upper terminal of 
C 3 will be several volts positive. The glow will reside on the right-hand 
portion of cathode 3 because of the low sustaining voltage for that por¬ 
tion. When a pulse to be counted is applied to the even-numbered cath¬ 
odes, which are normally at some moderately positive potential, these 
cathodes are made negative. Cathode 4 will then receive the glow because 
it is the closest one to the right-hand portion of 3. The potential of the 
even-numbered cathodes must be returned quickly to its initial positive 
value. Even though the glow on cathode 3 will have been extinguished, its 
potential will remain positive for a period of time because of the charge 
on C 3 . As a result of the positive potential on 3, the anode-to-cathode 
voltage will be greater at cathode 5, and the glow consequently moves to 
5 in preference to 3. The glow is initiated on the left-hand portion, but 
it moves to the right-hand portion by the mechanism that was described 
previously. Versions of this tube can be used to count pulses at repetition 
rates as high as 20,000 pulses per second. 

One of the main advantages of the gas-tube counter variation just de¬ 
scribed is that the requirements on the shape and duration of the input 
pulse are less stringent than for most of the others. The disadvantage of 
(lie extra components in the cathode circuits is not necessarily as great as 
if might seem at first glance. Alternate odd-numbered cathodes can 
be connected together to a common resistor and capacitor so that the 
number of extra components can be reduced considerably. The glow can¬ 
not be made to step in the reverse direction for subtraction. 

Tube type G10/241E manufactured by Standard Telephone and Ca¬ 
bles in England and type CH-1047 manufactured by Chatham Elec- 
I ronics are examples of counter tubes employing this variation in glow 
transfer mechanism. 

Vacuum-Tube Counters. Because there is no deionization problem 
in vacuum tubes, it is possible to design a vacuum-tube counter which 
will operate at a higher speed than is possible with gas-tube counters. 
However, the problem of localizing the electron flow in one of ten differ¬ 
ent stable positions is more complex with vacuum tubes, and much 
thought has been given to the devising of ways to achieve this result. 

course, an important part of the problem is in including means for 
causing the beam to step from one position to the next in response to the 
pulses being counted. 
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Many different counter schemes involving secondary emission phe¬ 
nomena, multiple grid structures, and other tricks have been invented. 
Of the many, two have been developed to the point where practical 
counter tubes have become available. One of these employs a crossed 
electric and magnetic field to cause the electrons to flow to one of teh 
anodes. The other employs a ribbon-shaped electron beam which can 
be deflected to one of ten stable positions. As with gas-tube counters, 
the circuits for shaping the input pulses to the tube and for amplifying 
and shaping the carry pulse which passes from one counter tube to the 
next must be designed with some care. Although only pulse circuit tech¬ 
niques are involved, it is easy to consume so many components in the 
design of the carry and pulse forming circuits that it would almost be 
possible to rearrange the components into flip-flop counters and eliminate* 
the counter tubes. 

The Counter Tube Employing Crossed Electric and Magnetic 
Fields. Ever since the earliest development work on magnetrons, the 
following phenomenon has been known. If a cylindrical anode surround* 
a cylindrical cathode and if the structure is placed in a magnetic field 
where the lines of flux are parallel to the axis of the cylinders, the anode 
voltage required to attract electrons from the cathode will have to he 
more positive than a certain cut-off value. The reason is that the electric 
field is radial and the electrons will therefore be urged to move in a direr 
tion at right angles to the magnetic field. As the electrons gain velocity 
from the electric field, the force from the magnetic field tending to turn 
them in their path will become greater. If the magnetic field is grcnl 
enough for the electrode dimensions and anode potential in use, the elec* 
trons will be caused to turn back to the cathode before they strike I he 
anode, and the result will be that no anode current will flow. ■ 

The basis for a counter tube is obtained by dividing the anode into ten 
longitudinal sections and connecting nine of them to a positive potent in I 
less than cut-off value (approximately 100 volts with a magnetic field nf 
350 gauss in a typical case) and connecting one of them to a potent ml 
near ground. Although the exact path of the electrons then beeomru 
difficult to determine, it is possible to adjust the parameters so tlml tin* 
electrons will be turned in the opposite direction by the electric field be¬ 
tween sections in such a way that they will strike the section which e id 
ground potential. (The potential of this section can be slightly below 
ground because the electrons are emitted from the cathode with u linih» 
initial velocity.) The tube can be locked in this stable state if the connec¬ 
tion to each anode section is made through a resistor. The current to Hit 
section at ground potential will cause the potential to be maintained ns 
a result of the voltage drop in the resistor, and the other section* nnII| 
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stay at the potential of the positive supply voltage because no current 
nows through their corresponding resistors. 

For a practical counter tube, a somewhat more elaborate electrode sys- 
tem is used as indicated in Fig. 9-10, which shows a top view. The mag¬ 
netic field is perpendicular to the plane of the paper with the lines of 
flux assumed to be coming out of the paper. The direction of electron 
motion will always be in the plane of the paper, and with the magnetic 



Fio. 9-10, Electrode configuration for counter employing crossed electric and 

magnetic fields. 

field direction as assumed, an electron will be turned to the left as 

viewed from the top regardless of its direction on the plane. For a given 

magnetic field strength, the magnitude of the turning force will be proper- 
iional to the instantaneous velocity of the electron. 

A qualitative indication of the electron path from the cathode to an 
anode is indicated by the shaded area in Fig. 9-10. Each anode section 

“ spllt into Jwo parts, (1) a V-shaped beam-forming “spade” and (2) a 
target for collecting most of the electrons. The beam is shown locked on 
spade 9. There may be other electron trajectories at this time, hut they 
a I return to the cathode and do not affect the counter action. As the 
electrons leave the cathode in the center, they arc accelerated toward the 
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anode, but are turned to the left by the magnetic field. When they ap- I 

proach the region between spades 0 and 9, the electric field tends to turn 1 

them to the right so that they enter the region between the two spades. I 

Some of the electrons go to the number 9 spade and serve the purpose of I 

locking this spade near ground potential. Most of the electrons are at¬ 
tracted to the target behind 9. The target, which is returned to a positive I 

potential through a load resistor, serves well as an output electrode be- 1 

cause of its isolation from the central beam-forming region of the tube. I 

The beam can be stepped from one spade to the next by any of several I 
different ways, one of the more effective being through the use of grid M 
rods mounted as shown in the figure. These grid rods are normally con- ■ 
nected to a small positive potential, but when they are pulsed negatively, I 
the electrons are repelled from the target area. When the beam is be- 1 
tween the 9 and 0 spades, some of the electrons will strike the 0 spade. I 
The potential of the 0 spade will fall because of the voltage drop in the I 
series resistor. The conditions will now be such that the beam will lock 
on this spade but with most of the current passing between the 0 and 1 fl 
spades to be collected by the target at this new position. The pulse on 
the grid rods must be terminated quickly; otherwise, the beam will con¬ 
tinue to move from spade to spade. The direction of stepping is clock- ■ 
wise and can be reversed only by reversing the direction of the magnetic 

field. -H 

To obtain the magnetic field a cylindrical permanent magnet in 

mounted on the outside of the tube envelope, which may be only about j 
1 inch in diameter in some designs. The direction of the flux in the mag- 1 
net is axial (and not circular) so that the exterior returning flux line* I 
will pass through the tube in a direction parallel to the tube axis. 

Counting rates of more than 1 megacycle per second have been re- I 
ported with vacuum-tube counters of this type when special circuits were 
employed. Tube type 6701 manufactured by the Burroughs Corporation 
employs the crossed electric and magnetic field principle which has born 
described. Another counter tube in this category is the type AD3 manu 
factured by the L. M. Ericsson Company in Sweden. M 

Electrostatic Beam-Deflection Counter Tube. In one form ol mi 
electrostatic beam-deflection counter a ribbon-shaped electron beam n 
caused to exist in one of ten different equilibrium positions by the action 
of a feedback voltage from an anode to one of the deflection plalr*. I 
Since the beam passes through a slotted screen before reaching llm 
anode, the anode current is dependent upon beam position, and the anode I 
voltage is developed from a load resistor in the usual way. 1 he stopping 
of the counter from one stable state to the next is accomplished by apply ■ 
ing pulses on the opposite deflection plate. The tube is unusual in Mini fl 
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there is no circular or closed-loop action of the beam for the counting of 

more than nine pulses as is the case with most other counters. The stable 

states representing 0, 1, 2, 3, etc. follow each other in natural sequence, 

but a different kind of action is required to get the beam from the state 

representing 9 back to the state representing 0 as is desired when the 
tenth pulse is being counted. 


+300v 


+ 300v 



Tube 

Envelope 


Fig. 9-11. Electrostatic beam deflection counter tube. 


The principles of the counter tube mechanism are illustrated in Fig. 
9-11, which shows a top view of the tube structure. The ribbon-shaped 
beam is formed by means of an elementary electron gun, the cathode of 
which is connected to ground. The details of the gun assembly are not 
shown because they are of no consequence in the counter action. In fact, 
the beam need not be ribbon-shaped; however, with a beam of this 
shape the various electrodes in the tube can be fabricated easily, and the 
maximum in beam current can be obtained. The left deflection plate, D u 
is connected through a resistor to a potential of about -F150 volts. The 
right deflection plate, 1)^, is connected to the anode and therefore follows 
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its potential. As indicated in the figure, the anode is returned to a poten¬ 
tial of +300 volts through a load resistor, which may have a value of 
about 1 megohm. The other important electrode in the tube is a slotted 
screen, and a top view of the slotted sections appears in the figure. The 
electrons in the beam may pass through one of the slots in the screen 
and be collected by the anode, or they may strike one of the partitions 
in the screen and be collected there because the screen is connected to a 
positive potential. If the electron beam is initially cut off through the 
action of a negative potential of a grid in the electron gun, the potential 
of D 2 will rise to +300 volts. When the beam is turned on, it will be 
deflected sharply to the right, where it will miss all of the partitions in 
the slotted screen and strike the anode. The voltage drop created in the 
anode load resistor will appear on B 2 and will be great enough to cause 
the beam to be deflected to the left. However, before the beam shifts to 
the left very much it will be intercepted by the first partition in the 
slotted screen, and the anode current will therefore be reduced. The 
reduction in anode current halts the negative shift in the potential of 
D 2 with the result that the beam becomes locked in the position indicated 
by the dotted line. In this position some of the electrons will flow to the 

anode and some to the slotted screen. 1 

An important feature of the stability condition of the beam can bo 

understood by considering the effect of slowly altering the potential of 
Hi. If the potential of Hi is raised above its quiescent value of +180- 
volts by a small amount, there will be a tendency for the beam to lie 
deflected more to the left than otherwise. However, as the beam moves to 
the left, a larger fraction of its electrons are intercepted by the parti¬ 
tion, with the result that the potential of H 2 is automatically raised 
enough to compensate for the increase on Hi, and the beam position 
remains substantially the same as before. A similar compensating effect 

occurs if the potential of H x is lowered slowly. J 

On the other hand, if the potential of D, is altered suddenly, a differ 
ent result takes place. Because of interelectrode and stray capacitances 
(indicated by a dotted wire in Fig. 9-11), the potential of H 2 cannot 
change instantaneously. Therefore, if the potential of Hi is raised sud¬ 
denly, the electron beam is deflected to a new position. By an appropriate 
choice in the magnitude of the pulse applied to Hi the beam can be iIn¬ 
flected to the next slot in the slotted screen, where the feedback action 
from the anode will tend to cause the beam to be deflected farther to Ml# 
left. The beam will now encounter the second partition in the slotted 
screen, and its motion to the left will be halted in this new position by 
the same mechanism as before. The counter tube will be allowed to r#« 
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main in its new state of equilibrium by slowly returning the potential 
of D\ to its initial value. Successive triangular-shaped pulses with a fast 
rise time, as indicated qualitatively in the figure, can be applied to D i 
through a capacitor to step the beam from one slot to the next, and a 
counting action is thereby produced. 

The beam is caused to return to its initial position on the tenth pulse 
through the action of the “reset anode,” which is mounted at the left end 
of the slotted screen. When the beam strikes this reset anode a negative 
pulse is generated at the anode as a result of the current which passes 
through the load resistor. The negative pulse is fed to a single-shot mul¬ 
tivibrator circuit that applies a negative cut-off pulse to the grid in the 
electron gun. When the beam in the counter tube is cut off, the potential 
of D 2 will rise to +300 volts and will deflect the beam to the right when 
it is again turned on. The multivibrator can also serve the purpose 
of generating a properly shaped pulse to be applied as a carry pulse to 
another counter tube. When counting speed is a consideration, it is the 
resetting step which is the limiting factor because it is the most time- 
consuming. It has been claimed that pulse repetition rates of more than 
30,000 per second can be handled without difficulty when using a counter 
tube of this type. 

When designing a practical beam-deflection counter there are many 
other features and factors to be considered. One of the useful features is 
the ability to pass the beam through holes in the anode and onto a fluores¬ 
cent screen. The position of the beam can then be observed visually, and 
it is further possible to form the phosphor coating in the shapes of numer¬ 
als for direct reading of the digit stored. The problem of secondary 
electrons emitted from the slotted screen and the anode is an important 
factor in tube design; grids similar to the suppressor grid of a pentode 
tube can be used for suppression of secondary emission. 

Tube type E1T, which was developed by Philips Research Labora¬ 
tories in Holland and which is sold by the Amperex Electronic Corpora¬ 
tion in the United States, is a beam-deflection tube of the category just 
described. The National Union tube type NU-LBS1 is another beam- 
deflection counter. Each of these tube types has an outside diameter of 
only about 1% inches. 
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Chapter 10 


MISCELLANEOUS COMPONENTS AND CIRCUITS 


There are a few components and circuits of a digital nature that do 
not fit well into the outline that has been chosen for the rest of the book. 
They are grouped together here. Most of these few (except input-output 
devices) would be considered unimportant in terms of the number of com¬ 
puters in which they have been used. In fact some of them have not been 
used at all. However, they have been selected for presentation here either 
because they are new and show considerable promise or because they 
represent the state of the art along certain often-suggested lines of ap¬ 
proach. 

The Cryotron. The cryotron utilizes the superconductive properties 
of metals at low temperatures. At first thought it may seem little short 
of ridiculous to consider operating a computer at the very low tempera¬ 
tures necessary to obtain superconductivity. However, the potential ad¬ 
vantages of simplicity, reliability, small size, high speed, low power con 
sumption, and low cost make it one of the most attractive avenues of 
future development in the field of digital computers. 

About 1911 it was discovered that the electrical resistance of sonic 
materials drops to zero when the temperature of the material is reduced 
below a certain transition value that is characteristic of the material. In 
all cases the transition temperature is very low—usually in the region of 
2°K to 8°K. The resistance of a material in the superconductive condi 
tion is not just very low; it is exactly zero within the limits of accuracy 
of any experiment yet devised. 

The operation of the cryotron is based on the fact that the transit ion 
temperature is a function of the magnetic field at the location of the 
wire; in particular, the transition temperature decreases with increasing 
field as indicated qualitatively in Fig. 10-1 (a). Points in the upper right 
portion of the area represent conditions under which the material din 
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plays electrical resistance in an ordinary fashion. The region of super¬ 
conductivity is in the lower-left portion of the area, and it represents 
combinations of magnetic field and temperature for which the material is 
superconductive. The shape of the curve for any superconductive mate¬ 
rial is generally as indicated in the figure although the intercepts at the 
axes are characteristic for each material. When considering the cryotron 
it is convenient to view the curve as representing the maximum field 
that can be applied to the material at any given temperature without 
causing the superconductive phenomenon to disappear. If the temperature 
of the material is held slightly less than the transition temperature at 




zero magnetic field strength, its resistance can be altered back and forth 
between some finite value and zero merely by the application and removal 
of a relatively small magnetic field as indicated by the vertical dotted 
line in the figure. 

The cryotron itself is shown in Fig. 10-1 (b). It consists of nothing 
more than a piece of straight wire with a number of turns of another wire 
wound around it. There is also some insulation between the two wires to 
prevent electrical contact. A current in the winding creates a magnetic 
field which controls the amount of current that can flow in the straight 
wire. In many respects the cryotron functions like an electromagnetic 
relay with a normally closed contact. Because of the similarity between 
the function of the cryotron and the function of a relay, the straight wire 
will be referred to as the “contact.” In the absence of a signal applied to 
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the winding, current can flow freely through the contact (the straight 
wire) but when an input signal is applied, the material of the contact is 
carried out of the superconductive region and then resists the flow of 
current. As will be shown more clearly later, a resistance of any amount 
effectively stops the flow of current completely because the circuits are 
always arranged to provide an alternate path where the resistance is 
zero. 

A convenient symbol for the cryotron is shown in Fig. 10-1 (c). The 
wires at the side of the rectangle represent the input winding, and the 
wires at the end represent the contact. One or both of the input connec¬ 
tions can be drawn on the opposite side without a loss in the meaning of 

the symbol. ^ 

The boiling point of helium is a convenient temperature at which to 
conduct experiments, and if this temperature (4.2°K) is selected, it is 
found that tantalum and niobium are suitable materials for the contact 
and the input winding, respectively. Tantalum has a zero-field transition 
temperature which is only a few tenths of a degree higher than 4.2°K 
and can therefore be carried out of the superconductive region with a 
relatively small magnetic field strength. It is desirable for the input 
winding to be in the superconductive state at all times because the input 
winding will then have zero resistance and will consume no power in the 
steady-state condition. For this requirement to be met the material se¬ 
lected for the input winding must have a transition temperature higher 
than the operating temperature at all values of magnetic field strength 
that are to be encountered. Niobium is suitable for the input winding 
because it has a zero-field transition temperature of about 8°K and will 
remain a superconductor even at relatively high values of the magnet ic 
field strength when the operating temperature is 4.2°K. Also, niobium 
can be drawn into fine wires of considerable mechanical strength. 

• The current gain in a cryotron may be defined as the ratio of the 
amount of current that can be allowed to flow in the contact to the 
amount of current in the input winding required to control the flow. This 
ratio is not infinite in spite of the fact that the contact has zero resist¬ 
ance when it is in the superconducting condition. The reason is that the 
magnetic field from current in the contact as well as the field from the 
input winding affects the transition temperature. Therefore there is a 
maximum current amplitude which can be passed through the contnet 
without its being shifted out of the region of superconductivity even in 
the absence of any current in the input winding. 

The current gain for a given set of design parameters can be com 
puted by noting that the magnetic field strength obtained from a current 
in a straight wire is H = I/2nr where II is in ampere-turns per meter, / 


Miscellaneous Components and Circuits 431 

is the current in amperes, and r is the distance in meters from the center 
of the wire. When determining the field at the surface of the wire, r 
would be set equal to the radius of the wire. The field within a long 
solenoid winding is H = IN/L, where N is the number of turns in the 
winding and L is its length in meters. If H t is the field strength which 
will cause the transition from the superconducting state to the normal 
resistance state, the maximum current that can be allowed to flow in the 
straight wire is I = H t 2irr. The current amplitude in the input winding 
which will produce the transition is I — H t L/N . The ratio of these two 
currents yields the current gain, K , which is equal to 2tttN/L. Ordinarily 
the diameter, d, instead of the radius of a wire is quoted; with this pa¬ 
rameter the formula is K = irdN/L. Note that N/L is the number of 
turns per unit of length, and it is preferable to view this quantity or the 
pitch of the winding as being the important parameter rather than the 
number of turns or the length considered independently. It is necessary 
for K to be greater than 1 for the cryotron to function properly in com¬ 
puter circuits, but because of the practicability of series connections, the 
need for a high current gain does not exist in the same degree that it 
does with most vacuum tube and transistor systems of circuit logic. 

The fact that the field produced by the input winding is parallel to the 
axis of the contact, whereas the field produced by current in the contact 
is in concentric circles around the axis of the contact would be of con¬ 
sequence in calculating current gain if the transition temperature were 
a function of field direction. Some experiments have indicated that the 
effect is independent of field direction. However, for some purposes it is 
important to observe that the fields produced from the two sources are at 
right angles and not parallel to each other. For instance, the amount of 
input current required to destroy superconductivity in the contact is less 
when the contact is carrying current than when it is not carrying cur¬ 
rent. The reason for this effect has already been indicated, but when 
calculating the amount of reduction in required input current, the vector 
sum and not the algebraic sum of the two fields must be used. 

The speed potentialities of cryotrons are not yet known precisely. It 
can be shown that in a certain idealized case the maximum frequency in 
cycles per second = R c /Li , where R c is the resistance in ohms of the 
contact when in the normal resistance condition and L t is the inductance 
in henries of the input winding. It is interesting to note that since both 
of these quantities are proportional to length, the speed capabilities of 
I lie cryotron in this idealized case are independent of length. For high¬ 
speed operation it is desirable to make the cryotron very small because 
R§ varies inversely as (he square of the diameter of the contact wire 
and I/\ varies directly as the square of the diameter of the input winding. 
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* 


Because of these relationships the maximum frequency would vary 
inversely as the fourth power of the “lateral” dimensions, except that to 
maintain a given current gain the number of turns per unit of length 
on the input winding must be increased as the diameter of the contact 
is decreased. Since the inductance is proportional to the square of the 
number of turns, the net effect is that the maximum frequency varies 
inversely as the square of the lateral dimensions. Another way to in¬ 
crease Re is to fabricate the contact wire by electroplating or evaporat¬ 
ing a thin layer of the selected material on a core of high-resistance 
material. Very much higher resistances can be obtained in this way be¬ 
cause only an extremely thin layer is required for the superconductive 
effect to appear. Eddy currents and certain phenomena related to the 
mechanism of transition between the normal and superconducting states 
are also of importance in estimating speed potentialities. Some data 
indicate that even after all of these factors are considered, it will be 
found practicable to operate at frequencies of many megacycles. I 

Cryotron Circuits. Fig. 10-2 shows some of the basic circuits through 
which cryotrons can be adapted to the logical functions. The effect of 
a multi-contact relay can be obtained through the simple expedient of 
connecting the input windings of an appropriate number of cryotrons in 
series. Since the input windings are in the superconducting condition at. 
all times and therefore have zero resistance, any number of them may be 
included in the circuit. However, the inductance of the several input 
windings must be considered when the speed of response is important 
If the input signal is designated by A, the output signal from each conj 

tact is A because conduction through the contact is obtained in the at)* 
sence of an input signal. The arrangement is presented in Fig. 10-2(a). 
One side of each contact is indicated as connected to a supply potential 
of either polarity. This notation is used as a reminder that the direction 
of current flow in either the input winding or the contact is immaterial 
for the operation of the cryotron. 

When the input windings are connected in parallel and the contaoti 
in series, the condition which produces zero resistance through the 00M 
tacts is the absence of signals on all input windings. The arrangement i« 
indicated in Fig. 10-2 (b) for three cryotrons to which input signals, A , 


3, and C, respectively, are applied. The Boolean notation for the out put 
function is ABC. The individual or and and functions are obtained by 


means of arrangements such as are shown in Fig. 10-2(c) and (d), re¬ 
spectively. These circuits are analogous to the elementary vacuum t ube 
system of circuit logic where inversion is an inherent property of tha 


component. J 

A flip-flop type of storage is obtained by connecting two cryotrons, 
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each of which acts as an inverter, in a feedback path as indicated in 
Fig. 10-2 (e). Note that the current from the supply passes through the 
contact of one and the input winding of the other. Two such paths exist, 
but the current can flow through only one at a time because a current in 
the input winding blocks the flow of current in the corresponding con- 



(f) ( 9 ) 

Fig. 10-2. Some basic cryotron circuits. 


lact. Circuit arrangements which can be used for setting the flip-flop to 
one stable state or the other and for sensing the state of the flip-flop are 
presented in Fig. 10-2(f). If the flip-flop is to be set to the state repre¬ 
senting a binary 1, for example, a signal entered at the point marked 
i .i r io 1 will cause the current flow to be blocked in the corresponding 
side of the flip-flop. The blocking of current in one side of the flip-flop 
will allow a zero-resistance path to exist in the opposite side. The current 
will then pass through the opposite side regardless of the previous status 
of the flip-flop. The sensing of the status of the flip-flop is accomplished 
by the simple expedient of passing the current from one or both sides of 
the flip-flop through input windings of added cryotrons that serve as 
output sensing units, In the figure, if the flip-flop 1ms been set (o 1, the 
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current will be flowing through the left-hand path, and a signal will ap¬ 
pear at the point marked 1 output. Observe that the insertion of the 
output cryotrons in the flip-flop feedback path introduces inductance but 
no resistance in the circuit. 

The sequence of the components in any series path or the polarity of 
the connections to any individual component may be altered as required 
to produce the most desirable physical arrangement of the components. 
Fig. 10-2 (g), for example, shows another arrangement of the flip-flop. It 
is functionally identical with the one shown in Fig. 10-2 (e). 

As mentioned in the preceding section, the cryotron, when adapting 
cryotrons to computer functions it is desirable to provide a zero-resist¬ 
ance path for the current at all times. When this provision is made there 
is no current flowing through the contacts when they are in the normal 
resistance condition, and consequently there is no power loss (because of 
the voltage drop across the resistances) when the circuits are in a steady- 
state condition. Fig. 10-3 shows an example of how the requirement of 
a zero-resistance path can be obtained in the- case of a full adder that i h 
being used as a part of a parallel accumulator. The operation of a full 
adder will not be explained in detail here except to say that it is a 
switching arrangement with three input signals and two output signals. 
Two of the three input signals represent the binary digits in the corre¬ 
sponding orders of two numbers being added, and the third input signal 
represents the carry from the next lower order. One output signal is called 
the sum and should be equal to 1 when any one of the input signals is 
equal to 1 or when all three of them are equal to 1, but the sum should 
be 0 for other combinations of input signals. The other output signal is 
the carry to the next higher order; it should be 1 when any two or all 
three of the input signals are 1, and it should be 0 in cases where none 
or only one of the input signals is 1. 

In Fig. 10-3 the two digits to be added, A and B, are stored in flip-flops 
The carry from the next lower order appears as a signal on one or the 
other of two lines according as it has the value of 0 or 1. The sum output 
signal is used to get a flip-flop to 1 or 0 as required for the represent a 
tion of the sum digit. The input cryotrons for this flip-flop are shown in 
the upper part of the figure; the remainder of the flip-flop circuit could 
be of the type presented in Fig. 10-2(f). For the carry output signal, tin- 
path of the current is through one or the other of two lines according In 
whether the carry digit is 1 or 0, respectively. Ordinarily, the carry out 
put lines would be connected directly to the carry input linos of tin* ni'xl 
higher order so that the supply current would pass through the nene* 
connection of the adders of all orders. In the figure the path of the out* 
rent is indicated by a heavy line for the particular instance where A 
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Kig. 10-3. Binary adder employing cryotrons. NOTE: Heavy line indicates path 

of current when A = 0, B = 1, carry In = 1. 


equal to 0 and where B and the carry input signal are each equal to 1. 
11 is not necessary that the A and B flip-flops be included in the current 
path, but extra cryotrons for output functions would be needed to sep¬ 
arate the flip-flop current paths from the adder current path. 

The provision for a zero-resistance path at all times can be made in a 
more generalized manner by using the logical design technique illustrated 

in Fig. 10-4, which shown the circuit, for producing the function (AH + 
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Outjt 

Cryoons 



KAB+OO 

Fig. 10-4. feheme for providing zero-resistance path at all times in cryotron 

circuits. 1 


C)D as a; example. In many respects the scheme is analogous to I In* 
push-pull arrangements described in the chapter on magnetic core sys- 
terns of circuit logic. Two sets of flip-flops are provided, and the informa¬ 
tion is shited back and forth between the two sets, the logical operat ion* 
being perfrmed during the shifting operation. For each logical funct ion 
that mighibe required, it is possible to find circuit connections whereby 
two pathsare provided—one path offering no resistance to the flow of 
current wbn the input variables are such that the Boolean function - 1, 
and the oher path offering no resistance when the function = 0. In thl 
first path the or and and functions are formed by parallel and 86fH 
connection, respectively, of the output contacts. In the second path Hu- 
opposite t;pes of connections are used. The output cryotrons in the bun 
flip-flops biding the variables A , B, C, and D are shown in the lofts 
hand partof the figure. These four flip-flops belong to the first sot. At 
the time o the X driving pulse the binary digit representing the desired 
Boolean fnotion of the variables stored in the first set of flip-flop* l* 
entered inthe right-hand flip-flop, which is one of the second set. I 
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The specific path that the current follows in Fig. 10-4 depends upon 
the particular combination of input variables present. If the variables 

are such that the function (AB + C)D is equal to 1, the current from the 
X driving pulse passes through certain of the 1-output cryotrons and 
causes a 1 to be entered in the right-hand flip-flop. If the Boolean func¬ 
tion is 0, the path is through certain of the 0-output cryotrons, and the 
right-hand flip-flop is caused to store a 0. That the desired result is ob¬ 


tained can be established for this example by noting that (AB + C)D = 

(A + B)TJ + D. For the general case it can be shown easily that the 
inverse of a function is obtained by inverting each individual variable 
and interchanging the or and and functions. A subsequent Y driving 
pulse transfers the information from the second set of flip-flops back to 
the first set through a similar circuit. 

Other types of digital circuits can be formed with the cryotron if two 
or more input windings are placed over a single length of straight wire 
used for the contact. For example, with two input windings the magni¬ 
tudes of the currents can be adjusted so th,at the contact is changed from 
the superconducting condition to the normal resistance condition when 
signals are applied to both input windings, but not when a signal is 
present at only one of the windings. For another example, the input cur¬ 
rents can be passed in directions which cause opposing mmf’s. With this 
arrangement the contact will be in the superconducting condition when 
signals are present at neither or both windings. If one of the two input 
windings in this example carries a continuous d-c current, the effect is to 
produce a component that acts like a relay with an ordinary normally 
open contact. 

The Possibility of Employing Ferroelectric Devices as the Basic 
Components in a System of Circuit Logic. In view of the large num¬ 
ber of different systems of circuit logic employing ferromagnetic cores 
as the basic element it might seem that the possibilities of ferroelectric 
capacitors in similar circuits would have been given a corresponding 
amount of attention. However, no such ferroelectric circuits are known. 

()ne reason for the absence of such circuits is that a ferroelectric capaci¬ 
tor with a hysteresis loop that has good rectangularity and that is inde¬ 
pendent of temperature and frequency has been a much more difficult 
component to obtain than its magnetic core counterpart. Another and 
more compelling reason for the absence of ferroelectric logical circuits is 
in the fact that a ferroelectric capacitor is only a two-terminal device, 
whereas vacuum tubes and transistors have at least three terminals and 


magnetic cores with two or more windings have at least four terminals. 
The limitations imposed by the existence of only two terminals arc dif¬ 
ficult to explain, but when an attempt is made to devise logical circuits 
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with ferroelectric capacitors it is found that because of their two-termi¬ 
nal nature there is no means available to maintain both the current and 
voltage amplitude of the binary signals as they are transmitted from 
one unit to the next. The addition of extra electrodes on the surface of 
the ferroelectric material or the embedding of additional electrodes 
within the material generally has the effect of producing nothing more 
than a series-parallel combination of several of the basic two-terminal 
devices. 

A likely first step in devising a system of circuit logic based on fer¬ 
roelectric components w r ould be to find a circuit capable of performing 
a simple shift register function. Circuits of this type can be worked out 
without excessive difficulty, but the more straightforward versions in¬ 
volve the “dumping” of electric charge from one unit to the next. A 
fraction of the charge is lost at each stage so that there is a limit to the 
number of stages that can be included without auxiliary amplifiers. 
Through suitable elaborations in the circuit it is possible to employ 
pulse transformers to obtain current amplification at each stage, the 
voltage amplification being obtained from the driving pulses. However, 
the resulting circuits usually involve so many components per stage that 
it is preferable to trade the pulse transformers for rectangular-loop cores 
and dispose of the ferroelectric devices. 

Of course, the difficulties encountered with ferroelectric devices may 
be circumvented in time, but it appears that a considerable amount of 
inventive effort will be required. m 

Cathode Ray Beam Deflection as a Basis for a System of Circuit 
Logic. It has often been suggested that the basic logical functions of 
or, and, and inversion could be performed by deflecting an electron beam 
to one of a multiplicity of target electrodes in a cathode ray tube. An 
elementary tube of this type might be operated in the following way. 
Assume that there are four target electrodes arranged in a square pattern 
on the face of a cathode ray tube. These electrodes might be designated 
Zoo, Zoi, Xio, and In. The tube and its associated circuits can be de¬ 
signed so that the beam will strike the X 0 o target electrode when no 
input signals are applied to either the vertical or the horizontal deflect inn 
plates. The beam will strike the X 0 i or the X 10 electrode according ns I lie 
input signal is applied to the vertical or the horizontal deflection platen, 
respectively, and will strike the Xu electrode if signals are applied simnl 
taneously to both sets of deflection' plates. ■ 

The or function can be obtained by connecting the X 0 o electrode 1u 
one output load resistor, all of the other three electrodes being coiiiht! m| 
in common to another load resistor. If the two input signals are 1 and 
B, a relatively negative potential at the terminal of the first load ronintof 
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indicates that the input signals are such that the function A + B is equal 
to 1. A similar potential at the terminal of the other load resistor indi¬ 
cates that A + B is equal to 1. By connecting one load resistor to the 
common connection of AT 0 o, Aoi, and Xio and the other load resistor to 

X llt the two output functions are AB and AB, respectively. 

Several potential advantages of digital components of this type can 
be found. For example, the d-c input impedance to the deflection plates 
can be made quite high, so that negligible current is drawn from the 
input signal source in the steady-state condition. Also, by suitable design 
of the tube and by suitable biasing of the deflection plates it is possible 
to obtain the input signals directly from the output signals of other simi¬ 
lar tubes with the result that very few components other than the tubes 
themselves are required. Another potential advantage is that many com¬ 
plex functions can be performed in a single tube through the use of more 
elaborate arrays of deflection plates and target electrodes. The relatively 
expensive cathode ray guns found in tubes intended for oscilloscopes 
and television sets are not necessary for logical functions because the 
focusing requirements are much less stringent. In fact, rather simple 
electron guns have been designed which are small enough to fit into a 
bulb of the size used for ordinary radio receiving tubes. Such structures 
provide a ribbon-shaped beam that can be deflected along only one in¬ 
stead of two dimensions, but by making independent input connections 
to the deflection plates on each side of the beam a reasonably large selec¬ 
tion of logical functions can be produced. 

Although the concept of obtaining logical functions by means of cath¬ 
ode ray beam deflections is quite straightforward in principle, it is found 
that the development of a suitable tube involves some rather difficult 
problems. One such problem arises from the secondary emission which 
occurs at the target electrode. Since all targets are normally maintained 
at a relatively high positive potential, the primary electrons from the 
electron beam cause an appreciable number of secondary electrons to 
be released. These secondary electrons diminish the current at the in¬ 
tended target and create an unwanted current at the other targets. Sup¬ 
pressor grids and other types of shielding electrodes can be incorporated 
in the design but it is usually found that many compromises must be 
made with regard to dimensions, cost, beam current amplitude, beam 
I in using, and other factors. Another serious problem in tube design is 
encountered when the required signal repetition rate is more than a few 
hundred kilocycles per second. As the frequency is increased, the beam 
current must be increased so that the various stray capacitances and 
interelectrode capacitances can be charged more rapidly. Because of the 

mutual repelling action of the electrons in the beam, it is difficult to 
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design a tube which produces a large beam current that can be focused I 

to a satisfactory degree of sharpness. ■ 

A number of projects in various laboratories have been devoted to the 1 
development of several different designs of beam deflection tubes for 1 
logical functions, and reference to some of them can be found in the I 
bibliography. However, in view of the difficulties mentioned above and I 
in view of the advantages of transistors and magnetic cores, with their I 
high speed and low power consumption (no thermionic heaters) the I 
interest in cathode ray tubes for such applications has greatly diminished. fl 

Digital Circuits Utilizing Secondary Emission Phenomena in 1 
Vacuum Tubes. If the anode surface in an otherwise conventional triode I 
or pentode vacuum tube has a secondary emission ratio which is greater 
than 1, it is possible to devise many digital circuits different from any 
of those discussed in the chapter on vacuum tube systems of circuit logic. 1 
In particular, it is possible to obtain a bistable circuit by using only one I 
set of tube elements in contrast to the two sets that are required in the I 

more familiar types of flip-flops. The principles of operation are similar 
to those described for the holding action of the holding-gun tube, which 1 
was discussed in Chapter 6. By dividing the anode into a large number 1 
of individual elements or, in other words, by spacing a large number of * 
wires around a central cathode, a corresponding number of binary digits 

can be stored in a single tube envelope. I 

Because of the possibility of reducing the number of power-consuming 
heaters in a digital computer, the idea of utilizing secondary emission 
phenomena has appeared at various times in the development of com¬ 
puter components. Samples of several different designs of secondary 
emission tubes have been built and studied, but their actual use, if any, 
in digital computers has been extremely limited. A serious problem en¬ 
countered with surfaces having a high secondary emission ratio is that 
they are generally very active chemically and are easily damaged by 
impurities including materials evaporated off the thermionic cathode 
in the tube. Also, as in the case of beam deflection tubes, the potential 
advantages of transistors and magnetic cores are so much greater by 
comparison that the interest in secondary emission tubes has almost cn 

tirely disappeared. 

Digital Components Employing Chemical Processes or Beams of 
Light. The subjects of chemical processes and beams of light are men¬ 
tioned here largely for the purpose of illustrating the range of physical 
phenomena that have been explored in the effort to develop new and itn« I 
proved components for digital computers. Several different components 
in these categories have been invented and subjected to various degree* 
of experimentation. In the case of chemical processes one of the simplci 


Miscellaneous Components and Circuits 441 

ideas involves a device which might be called a miniature storage battery 
that can be charged and discharged very rapidly. Such a device could 
be used for the storage of a binary digit, a 1 or a 0 being indicated by 
the charged and uncharged state, respectively. An example of the use of 
a light beam would be a device similar to a Kerr cell where the polariza¬ 
tion properties of the beam are dependent upon the electric field applied 
to the material. Logical functions can be developed through arrange¬ 
ments which allow the light to pass or not in accordance with the com¬ 
binations of signals applied to the electrodes which produce the field. 
Although digital components in either of these categories can be made 
to work, none are known which have been successful in a practical sense. 

Multistable Circuits. In discussions which cover digital computer 
circuits in a generalized way the possibility of designing circuits having 
more than two stable states always seems to be mentioned. However, the 
utilization of multistable circuits in practical computers has been negligi¬ 
ble. The reason usually quoted for the absence of such circuits is that it 
is difficult to design them so that they will function properly over a 
reasonably wide variation of circuit and component parameters or, in 
other words, so that they have good reliability. Such a reason is certainly 
valid, particularly when the reliability is compared with that obtainable 
with strictly binary or bistable circuits. 

Probably a more compelling reason for the absence of multistable cir¬ 
cuits is in the question of how they would be used even if they were 
reliable. Of course, decimal counters and decimal storage are fairly ob¬ 
vious applications for circuits having ten stable states, but significant 
applications other than these are hard to find. Also, even in these appli¬ 
cations the function is not merely to have the circuit exist in one of ten 
stable states. In the case of the counter it is necessary to provide means 
for stepping the circuit from one stable state to the next in a rotational 
pattern for all ten states. In the case of decimal storage a major prob¬ 
lem is in gaining access to a given multistable circuit for inserting or 
withdrawing the digital information. Although circuits for performing 
lliese auxiliary functions can be devised, it is usually found that they 
are so complex in comparison with a system employing purely bistable 

Htorage elements that there are no net advantages to the multistable cir¬ 
cuits. 

Examples of multistable circuits include the phase stable system dis¬ 
cussed later in this chapter and the counter circuit which employs the 
charging of a capacitor and which is described in Chapter 9. Another 
form of multistable circuit can be obtained through the use of a “stair¬ 
step” load line in the feedback path of a circuit which resembles a bi¬ 
stable flip-flop. An item on this subject is included in the bibliography. 
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The Application of Magnetic Cores to Multistable Circuits. As 

discussed in considerable detail in the chapters on magnetic core systems 
of circuit logic and magnetic core storage, the conventional usage of mag¬ 
netic cores involves input currents which magnetize the core material to 
saturation in each of the two directions. Magnetization to saturation is 
a convenient mode of operation when the signals are of a binary nature, 
and highly reliable circuits can be designed. However, it is not necessary 
that the magnetization be carried to saturation at all times, and some 
experimental work has been done to develop circuits where the core is 
left in intermediate states of magnetization. 

Regardless of the shape of the hysteresis loop, it would probably bo 
an awkaward circuit problem to control the amplitude of the input cur¬ 
rent to the accuracy necessary to perform a partial reversal of the mag¬ 
netic flux, and so far as is known, no attempt has ever been made to 
devise a circuit which obtained the extra states in this way. Instead, a 
current is applied which is much greater in magnitude than is necessary 
to saturate the core, but the duration of the current is held to a small 
value so that the flux reversal process is only partially completed during 
the time that the current is applied. The status of the core material 
after a partial flux reversal generated in this way is difficult to specify 
by means of a point on a conventional B-H plot. The reason is that the 
mmf from the input current is greatest at the inside diameter of the core, 
and therefore the flux reversal process occurs first in this region. If I hr 
current is maintained, the boundary between the region where the direr 
tion of magnetization has been reversed and the region where the direr 
tion is as before increases radially from the inside diameter to the outside 
diameter of the core. 

If the current is terminated before the flux reversal process is com 
pleted, the core material in the region of the inside diameter is ne/il 
saturation in the new direction, and the state of magnetization in I hr 
region of the outside diameter is unchanged. With some core materials 
under certain conditions the boundary between the two regions is prnh 
ably quite sharply defined, although very little experimental evidenre 
on this point is known. Nevertheless it is found that with magnetic mu 
terials having a rectangular hysteresis loop it is possible to reverse (he 
flux by applying an integral number of discrete pulses of suitable nni|ill 
tude and duration. The determination of the state of the core is ueonm 
plished by applying a series of such pulses and noting when saturation i« 
reached with the indication of saturation being obtained from the ab¬ 
sence of induced pulses in an output winding. J 

There is no specific upper limit to the number of different states I lull 
can be distinguished by the scheme outlined in the previous paragraph; 
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but as the number is increased, the requirements on the stability of the 
component parameters are correspondingly increased. Moderate success 
has been achieved when the cores were operated with ten different states 
of magnetization although the amount of variation that can be tolerated 
in the component and circuit parameters is much less than when the 
cores are operated in binary fashion. Also, it is usually found that the 
equipment needed to supply the accurately timed and shaped input pulses 
and to provide proper intrepretation of the output pulses is more costly 
than the cores and other components which are eliminated when chang¬ 
ing from binary operation to multistable operation. 

Phase-Stable Circuits. With all of the other components and circuits 
which have been described for digital storage (with the possible exception 
of delay lines storing certain patterns of binary digits) the various stable 
states are distinguishable from each other through differences in some 
physical property. A storage scheme suggested occasionally is to employ 
a circuit which is in the same state at all times with regard to any meas¬ 
urements of voltage, current, position, magnetism, etc., that might be 
made on it but which produces a continuous sequence of pulses that have 
an identifiable phase relationship to a sequence of reference pulses. Cir¬ 
cuits which incorporate this scheme can be devised in any of several dif¬ 
ferent ways, one of the more elementary approaches being presented in 
Fig. 10-5 for purposes of illustration. 



Rtftrtnct Pul»t» 


I'icj. 10-5. A phase-liable circuit. 
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Fig. 10-5 (a) shows an ordinary free-running multivibrator circuit that 
is discussed in almost any text on pulse techniques. Briefly, the opera¬ 
tion of this circuit can be understood by noting that the resistors in the 
grid circuits tend to hold the grids at ground potential, but any varia¬ 
tion in the Dotential in the anode of one tube is coupled through a ca¬ 
pacitor to tie grid of the opposite tube. Because of the nature of the 
feedback loop, any slight disturbance in the circuit initiates a regenera¬ 
tive action :hat quickly grows into an oscillation where the wave form 
appearing at the grid of either one of the tubes is as shown in Fig. 
10-5 (b). Diring that part of the cycle when the grid potential is more 
negative thai the cut-off value, the potential will be pulled in the posi¬ 
tive direction toward ground with a time constant determined largely 
by the values of the coupling capacitance and the grid resistance. When 
the grid polential reaches the cut-off value the tube will start to con¬ 
duct. At this time the negative-going potential at the anode of the corre¬ 
sponding tube will be applied through a coupling capacitor to the grid 
of the opposite tube and will cause the current in that tube to be dimin¬ 
ished. The positive-going anode potential of the opposite tube will be 
applied through the other coupling capacitor to the grid of the first tube. 
The result :s that the first tube will be caused to become in the fully 
conducting condition very rapidly, and the grid potential of the opposite 
tube will be equally rapidly carried far into the cut-off region. Because 
of the symmetric nature of the circuit, it will shift back and forth from 
the condition where one tube is conducting and the other tube is cut-oil 
to the opposite condition. The time constants for the two halves of the 
process neec not be the same, however. 

A response of the type illustrated in Fig. 10-5 (c) and (d) can be oh 
tained if a 3ontinuous series of positive clock pulses is applied through 
another capacitor to the grid of one of the tubes. When the clock pulses 
are superimposed on the grid wave form in this manner the grid potcn 
tial can be caused to reach the cut-off value at the time of one of the 
clock pulses The frequency of the multivibrator can then be “locked in" 
with respect to the clock-pulse frequency. In principle the ratio between 
the frequency of the clock pulses and the frequency of the multivibrnl or 
can have ary value that is representable by two integers, but ordinarily 
each cycle af the multivibrator corresponds to an integral number ol 
clock-pulse cycles. In the figure the ratio of the frequencies is 1 to 10, 
The circuit iherefore acts like a frequency divider, and in radar, television, 
and other applications there are many uses for a circuit of this type 
Note that ihe “locked in" frequency would always be slightly higher 
than the free-running frequency. I 
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When such a circuit is used for storage in a digital computer a set of 
reference pulses as shown in Fig. 10-5 (e) are needed to provide a refer¬ 
ence with which the multivibrator wave form can be compared. In the 
straightforward approach the frequency of the reference pulses would 
be the same as the frequency of the multivibrator. It is apparent from 
the figure that, if the frequency division ratio is 10, the multivibrator 
can exist in any one of ten different phase relationships with respect to 
the reference pulses. The attractiveness of such a circuit arises from the 
possibility of using only one twin-triode tube for the storage of a decimal 
digit instead of the four twin-triodes that are needed when binary flip- 
flops are employed. 

The principal disadvantage of the phase stable scheme of storage is in 
the circuits needed to shift the phase relationship as required when 
changing the value of the digit being stored. This function can be ac¬ 
complished in various ways, but for reliable operation it has always 
been found necessary to employ so many components that the cost ad¬ 
vantage in comparison with flip-flops is lost. 

A form of phase-stable operation w’as once worked out in considerable 
detail for use with point-contact transistors. In this instance the circuits 
were all binary in nature and their purpose was to provide a scheme 
whereby the variations and instabilities in the transistor could be toler¬ 
ated. The basic arrangement consisted of a pair of circuits each of which 
was similar in many respects to the circuit in Fig. 4-3, although the pa¬ 
rameters were adjusted so that each circuit in the pair produced a single¬ 
shot type of action instead of a free-running oscillation. Clock pulses 
were applied simultaneously to each circuit in the pair in such a manner 
that the single-shot action was initiated alternately in the two circuits. 
The binary digit stored was indicated by the phase relationship between 
the output pulses from one of the circuits and pulses from a reference 
source, where the frequency of the reference pulses was one half that of 
the clock pulses. Several ingenious schemes for adapting this idea to 
counters and other computer functions were worked out, but a rather 
large number of transistors was required. 

Although both forms of phase-stable circuits for computers have re¬ 
ceived a considerable amount of experimental study, no actual usage of 
the idea has been reported. For this reason the present discussion of 
them will not be carried further. A reference on the transistor circuits is 
included in the bibliography. 

Cold-Cathode Gas Diodes in Digital Storage Circuits. The cold- 
cathode gas diode has often been given consideration as a possbile com¬ 
ponent for use in digital circuits. One example of the application of gas 
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diodes was explained in the chapter on diode switching where the ob¬ 
jective was to replace the semiconductor diodes in conventional or and 
and circuits. The gas-tube counters described in the chapter on counter 
tubes and circuits constitute another instance where the gas diode has 
been utilized in digital applications although in this case the tube struc¬ 
tures included many elaborations not found in the simple two-electrode 
diode. Numerous other circuit configurations employing cold-cathode gas 

diodes can be devised. I 

An interesting and useful property of the cold-cathode gas diode is 
that, if the gas composition and design parameters are suitably selected, 
the voltage necessary to initiate a glow discharge is substantially greater 
than the voltage necessary to maintain the glow once it is initiated. The 
latter voltage, which is frequently called the “sustaining” voltage, is 1 
largely independent of the amount of current being passed through the 
diode; this property of the cold-cathode discharge is possible because 
the area of the cathode glow is directly proportional to the amount of 

current flowing. * || 

By placing a series combination of a gas diode and a resistor across 
a supply voltage that is less than the “striking” voltage but greater than 
the “sustaining” voltage the circuit can exist in one or the other of two 
stable states. One state is, of course, with the glow discharge present, 
and the other state is with no glow present, and these two states can be 
used for the storage of a binary digit. To be useful, such a circuit must I 
include means for initiating and extinguishing the glow and for indicat¬ 
ing whether a glow is present or not. Fig. 10-6 illustrates one approach 

to the problem. I 

The circuit in Fig. 10-6(a) functions as a complementing flip-flop. The 

circuit parameters are chosen so that the supply voltage is great enough 
to initiate a glow in one or the other of the two diodes, but once a glow 
current flows in one of them the voltage drop across R x prevents the 
starting of a glow in the other. Resistors R 2 and R& serve the purpose o! 
generating an output signal. Because of these resistors, a positive poten 
tial appears at the cathode of the diode in which a glow is present. Ah- ■ 
sume that a glow is present in G\. The cathode of this gas diode will be 
at some positive potential, and the cathode of G 2 will be at ground po¬ 
tential. Capacitor C 2 will be charged accordingly. 

To change the state of the flip-flop a negative pulse is applied through 
Ci to the common anode connection. This pulse causes the glow in G\ In 
be extinguished. The potential at the anodes of the diodes then rises to¬ 
ward the value of the supply potential, but because of the charge on <\ 
the potential difference between the cathode and anode is greater for G% I 
than for (?i so that a glow is now started in G 2 instead of G j. After Urn 
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transients in the circuit have diminished to a small value, C 2 will be 
charged with the opposite polarity, and a second input pulse can be 
applied. The circuit will then revert back to the state where G x is con¬ 
ducting. The specific values of the circuit parameters to be chosen are a 
function of the type of compromises to be made with respect to deioni¬ 
zation time, output signal amplitude, pulse repetition rate, allowable 
component variation, and other factors. 



The circuit in Fig. 10-6 (b) is a ring counter. As before, the supply 
voltage is great enough to initiate a glow in one of the diodes, but because 
of the voltage drop across R 5 , a glow can exist in only one of the diodes 
at a time. Assume that a glow is in G x . A negative input pulse at the 
point indicated will cause this glow to be extinguished, and as the anode 
potential of the gas diodes rises, a new glow will be initiated in G 2 be¬ 
cause of the potential difference which had been established on CV Semi¬ 
conductor diode D> serves the purpose of allowing the C x potential dif¬ 
ference to pull the cathode of G 2 to a negative potential and thereby 
cause a glow to be initiated in G 2 at the time of the transfer action. 
After a glow is initiated, D 2 provides a d-c path to ground for current 
through G 2 . Also, because of the low forward resistance of D 2 , no poten¬ 
tial difference is eatablised across C 1 when a glow is in G 2 . However, a 
potential difference is established across (' 2 so that a second input pulse 
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will cause the glow to be extinguished in G 2 and initiated in G 3 . With 
the connections as shown, successive input pulses will step the state of 
conduction from one gas diode to the next in rotational sequence. Any 

even number of stages may be included in the ring. 

Attempts have also been made to adapt the cold-cathode gas diode to 
large-capacity storage applications. A major problem is in devising 
scheme whereby any one diode in a large array of diodes can be selected 
for entering a binary digit for storage or for sensing the digit stored. A 
few such schemes have been invented, but none of them have proven to 
be particularly attractive in comparison with the various other storage 
methods available, and the actual use, if any, of gas diode storage in 
computers has been negligible. For this reason the subject will not be 

carried further here. 

A deterring factor in the use of cold-cathode gas diodes is the diffi¬ 
culty of obtaining diodes in which the striking voltage is substantially 
greater than the sustaining voltage and the stability of both voltages is 
good. In view of the wide application of the cold-cathode discharge 
mechanism in voltage regulator tubes, it would seem that the require¬ 
ments for computer tubes would be reasonable. However, the mechanism 
of the cold-cathode glow is not well understood, and the production of 
a suitable cathode surface seems to be more of an art than a science. The 
deionization time is another and probably even greater deterring factor 
in the use of gas diodes for storage. In all of the circuits which have been 
suggested in this section it is necessary when extinguishing the glow that 
the applied voltage be held below the sustaining value for a length of 
time sufficient for the disappearance of most of the ions. The exact 
amount of required time is a function of many component and circuit 
parameters, although it is in general quite difficult to achieve pulse repo* 
tition rates that are greater than a few kilocycles per second. Most of 
the interest in digital computer components and circuits has been in 
applications where much higher speeds were required. Nevertheless, for 
certain applications where the speed requirements are not great, cold- 
cathode gas diodes offer attractive potentialities from the standpoint, of 
cost. Also, they offer the somewhat rare advantage that the status of 
each individual storage element can be determined easily by visual in¬ 
spection. 

Gas Diodes Actuated by Radio-frequency Signals. It is possible to 
ionize the gas in a tube by applying a radio-frequency voltage to an el or 
trode which is external to the tube. By using this phenomenon an elec¬ 
tronic analogy of an electromagnetic relay can be obtained in a rat bn 
simple fashion. A single-tube oscillator with a frequency in the order of 
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magnitude of 5 megacycles is used to ionize a set of gas diodes which 
act as contacts. The voltage applied across an open pair of “contacts” 
should be less than the sustaining voltage of the diode, and if this re¬ 
quirement is met, the contacts present a very high open-circuit resistance. 
The resistance of the contact when “closed” would depend on the ampli¬ 
tude of the applied r-f signal and can be made as small as required by 
using a suitably large r-f amplitude and a suitably large electrode area. 
Normally, the signals passed through the contacts of one “relay” would 
be applied to the grid circuits of other relays and need be only of suf¬ 
ficient amplitude to allow oscillation or to hold the oscillator tube 
in a cut-off state. Note that the usual definition of deionization time 
does not apply to this application. In the circuits mentioned in the pre¬ 
vious section it was necessary for the number of ions to be reduced suf¬ 
ficiently to prevent the initiation of the glow a second time when the 
voltage was reapplied. When the diode is used as a contact actuated by 
a radiofrequency signal it is sufficient that the number of ions be dimin¬ 
ished to an amount which yields a relatively high resistance across the 
electrodes. 

Many interesting circuits based on the r-f gas diode relay can be de¬ 
veloped, and for a period of a few years centering on about 1950 some 
serious experimentation was performed on devices of this type. The gen¬ 
eral scheme is quite workable, but the potential speed, power consump¬ 
tion, and cost advantages of transistors and magnetic cores proved to be 
more attractive. 

Thyratrons. Thyratrons are widely used in digital computers, princi¬ 
pally for amplifying the relatively low-power signals used in the logical 
circuits to the high-power signals needed to drive the magnets and sole¬ 
noids in the electromechanical input-output devices such as printers and 
card-handling machines. In these applications thyratron circuits are quite 
conventional. They contain no ideas or concepts that are related specif¬ 
ically to digital computers. One minor exception is that the suppressor 
grid is sometimes used as an extra control grid. In this way an and func¬ 
tion is obtained in that the potentials of both grids must be brought to 
their relatively positive value before conduction in the tube is initiated. 
Conduction is terminated by opening the anode circuit or by bypassing 
the load current so that the anode potential is reduced to a value which 
is less than the amount necessary to maintain a glow discharge. 

A large number of different circuits have been devised for adapting 
thyratrons to counters, stepping registers, and other computer functions. 
For the most part these circuits have received very little use, largely 
because of the speed limitations caused by deionization time. However, 
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one thyratron circuit is presented in Fig. 10-7 to illustrate some of the 
more important considerations relative to the subject. This circuit is a 
form of a ring counter. 

A thyratron is a gas tube in which a third electrode, a grid, has been 
added to control the initiation of the glow discharge. The cathode may 
be heated so that it emits electrons thermionically, or it may be of the 
cold-cathode type. The hot-cathode type 2D21 has been popular for com¬ 
puter applications. In either case the anode potential is normally main- 
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Fig. 10-7. Ring counter employing thyratrons. 

tained sufficiently positive relative to the cathode to cause a glow to be 
started in the tube unless the grid is held at some negative potential 
with respect to the cathode. A negative grid potential causes any elec¬ 
trons which may be emitted from the cathode to be repelled back toward 
the cathode; consequently, the electrons do not reach the region of the 
positive anode where they can become accelerated sufficiently to create 
ions in the gas. If the grid potential is increased sufficiently in the posi 
tive direction, a large number of the electrons become able to pan* 
through the openings in the grid, and these electrons cause a glow din- 
charge to be initiated. After the glow is once started, a sheath of ion* 
and electrons forms in the region of the grid openings in such a manner 
that the grid no longer has control of the discharge. To terminate tlu< 
discharge it is necessary to use one of the two methods mentioned above, 
For an understanding of the circuit in Fig. 10-7 assume that thyratron 
V\ is initially conducting and that the other two thyratrons are in I lie 
cut-off condition. In this state the anode potential is 10 to 15 volts po i 
tive with respect to ground (with most thyratron tubes of the hot-euthodo 
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type) but is negative with respect to the potential at the anodes of the 
other tubes where the anode potential is substantially that of the supply 
voltage, which is usually in the range of 50 to 150 volts positive with 
respect to ground. The grids of all tubes are held at a potential which 
is sufficiently negative to prevent the formation of a glow discharge. 
Components R 5) D 2 , and C 5 at the grid input of V 2 form a diode gate 
circuit of the type illustrated in Fig. 2-11 (a). Similar diode gates are at 
the grid inputs of the other tubes. When a positive pulse is applied at the 
common input line it passes through the gate to V 2 and starts a glow in 
that tube. The negative-going pulse which appears at the anode of V 2 at 
this time is applied through C 2 to the anode of V\. If the circuit param¬ 
eters are correctly chosen, the anode potential at V\ will be held below 
the sustaining voltage for an amount of time which is long enough for the 
grid of that tube to regain control. The next pulse will shift the state of 
conduction to F 3 by a similar process, and successive pulses will continue 
the shifting in a rotational pattern. 

Brief Discussion of Input-Output Devices. In certain respects such 
as size and cost, the input-output devices of a computer can in some in¬ 
stances be a more significant portion of the machine than the arithmetic, 
control, and storage devices which have been the major subject of this 
text. If only this factor is considered, it might be expected that an ap¬ 
proximately equal amount of attention would be devoted to input-output 
devices. It has nevertheless been chosen to limit this phase of the subject 
(except for devices for conversion between analog and digital repre¬ 
sentation, which are the topic of the next chapter) for the reason that 
most of the considerations involved in the design of input-output equip¬ 
ment are mechanical in nature and have no very close relaitionshp to 
digital concepts. Consider a printer for example. Many ingenious mecha¬ 
nisms have been designed to transport the selected type face to the de¬ 
sired position and then to cause'the type to come in contact with the 
paper with a motion that produces a legible printed character, but the 
problems encountered in the design of these mechanisms are more closely 
related to the general subject of printing than to any functions which 
are unique to digital computers. Also, the mechanisms used for such op¬ 
erations as feeding the paper and supplying the ink form a major part 
of a complete printer, and the relationship between these mechanisms 
and digital functions is even more remote. On the other hand, because of 
the availability of high-speed digital computers, a strong need has been 
felt for printers that will operate at very much higher speeds than the 
units heretofore available. Similar requirements have been felt for other 
types of input-output devices, and in some eases a need has arisen for a 
totally new kind of device. Some of the more important factors in this 
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regard are discussed in the remainder of this section. The reader is re¬ 
ferred to the articles listed in the bibliography for specific and detailed 
information about the various kinds of units that have been developed. 

In many applications, particularly business machines, it has been cus¬ 
tomary to view the source of input data as being almost exclusively in 
the form of punched cards, punched paper tape, or magnetic tape. Cer¬ 
tain exceptions are recognized, such as the manual entry of data by 
means of switches on a control panel or by means of a keyboard, but 
such exceptions are used largely for servicing and the correction of errors 
and not for the major purpose for which the computer was intended. As 
faster and more powerful computers have become available for these 
applications the principal requirement on the input units has been the 
rather prosaic one of making them go faster with a minimum sacrifice 
in factors such as cost and reliability. It is not clear that the upper limit 
in speed has been reached, but it does seem that the design difficulties 
increase tremendously when attempts are made to feed cards at a rate 
much in excess of about 1000 cards per minute or to sense characters in 
conventional punched paper tape at a rate greater than about 200 per 
second. The upper limit in speed for magnetic tape is a function of the 
number of tracks on the tape, the scheme of recording digits (which is 
discussed in Chapter 7), the logical arrangement used for identifying 
the information bits in the several tracks, and the tolerances which can 
be allowed on tape defects. For this reason it is difficult to make a state¬ 
ment about magnetic tape speed, but in general the number of bits per 
second that can be entered into a computer is orders of magnitude greater 
with magnetic tape than with punched cards or punched paper tape. 

The role of the input devices assumes quite a different appearance 
when consideration is given to the entire job to be performed. In the 
example of a business machine the entire job implies the performance 
of a complete accounting function and is not limited to just the perform¬ 
ance of the calculations. When the entire scope of the problem is recog¬ 
nized it immediately becomes apparent that the real source of the data is 
not in punched cards or tape but is in a wide variety of documents such 
as packing slips, bills, sales tags, bank checks, insurance premium notices, 
ledger records, and many others. The punched cards or tape are merely 
intermediate storage media, and at some point in the accounting opera¬ 
tion it is almost always found that the original input data must be manu¬ 
ally transcribed from the source documents to an intermediate storage* 
medium. This manual operation involves the visual observation of the 
documents by a person and the use of a keyboard for the entry of the 
data into punched cards or tape. The important improvements in input. 
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devices from a conceptual point of view have been the products of at¬ 
tempts to find improved accounting systems in contrast to attempts to 
develop faster units. 

Mark-sensed cards might be considered an example of an input me¬ 
dium which was developed as a result of consideration of the system as 
a whole, but this example is mentioned because it is one of the oldest and 
not necessarily because it is one of the most important. The taking of 
the census is a well-known instance where mark-sensed cards are advan¬ 
tageous. Instead of writing the digits corresponding to the answers to his 
questions, the census taker marks a card with a pencil containing a 
marking material having a low electrical resistance. The data is repre¬ 
sented by the locations of the marks. An appropriate input device is then 
able to sense the location of the marks, and there is no need for subse¬ 
quent manual transcription of the data by a person. 

More recently, two other approaches to the problem of manual tran¬ 
scription of source data have come into prominence. One approach 
involves the development of a machine which, in effect, does the work 
of a person in reading the document and operating the keypunch. Such 
a machine is often called a “character-sensing” device because it senses 
the characters written on a document. Most methods of character sensing 
that have been investigated have employed photoelectric cells for de¬ 
termining whether a given spot on the document is light or dark. Other 
possibilities include the use of television camera tubes. It turns out that 
in spite of the ease with which a person can identify a character even 
when recorded in poor handwriting, the mechanization of the process 
involves many complexities, and the translation of the signals obtained 
from the photoelectric cell to standard binary coded representations of 
the characters is the major problem in the development of a character¬ 
sensing device. Of course, when the characters are limited to a single 
type style the problem is less severe than when the characters may be 
of a wide variety of type styles or in handwriting. Even with a single 
type style it is found that considerations relative to locating the charac¬ 
ters on the document and distinguishing between dirt and ink required 
that extensive elaborations be incorporated in the device. By 1955 the 
first character-sensing machine had appeared which was capable of sens¬ 
ing the ten numeric digits in a fixed type style and was being used in 
applications such as reading the serial numbers on travelers' checks. 
However, progress in the development of character-sensing devices was 
slow, and a large part of the effort on the subject had not been reported 
publicly. 

The other recent approach to the improvement of input devices for 
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computers in accounting applications is quite different in that it recog¬ 
nizes the need for sensing the information on source documents, but it 
tends to reduce the need for intermediate storage. Manual transcribing 
of the input data is still performed, although instead of preparing a 
deck of punched cards or a reel of tape the keyboard is attached directly 
to the computer. In earlier computer designs such an arrangement would 
be highly undesirable because the speed of the machine would be limited 
to the speed of the person. Also, for the arrangement to be satisfactory 
in most accounting applications it is necessary that the computer have 
reasonably rapid access to large quantities of information of a type nor¬ 
mally kept in business files. Some of the more recent computers to ap¬ 
pear have contained solutions to both of these problems. In the case of 
the relative speed of a person and a computer the solution has been to 
connect a large number of keyboards to the machine and to incorporate 
a scheme whereby individual keyboards can be interrogated one at a 
time, the selection of which one being determined automatically by the 
computer. The number of persons involved is no greater because an ap¬ 
proximately equal amount of manual effort was required in preparing 
the cards or tape. The storage of large amounts of data for which access 
to any item can be obtained in less than one second has been accom¬ 
plished by means of several different geometrical configurations of mag¬ 
netic surfaces; these were discussed briefly in Chapter 7, and they are 
commonly called “random access” storage devices. Computer systems 
with multiple manual input stations and adequate random access storage 
have the outstanding advantage that accounting records can be main¬ 
tained on what might be called a minute-by-minute basis. Systems of 
this type have gained wide acceptance in applications such as airline 
reservations and stock market quotations and have created growing in¬ 
terest in the more conventional accounting problems. I 

With regard to the computer output devices needed in business appli¬ 
cations, it is generally observed that the final output information should 
be in the form of a printed record although numerous exceptions and 
special considerations could be listed. Mechanical versions of printers 
which have been devised vary from electrically operated typewriter 
working at a maximum of about 20 characters per second to line-at-n 
time printers which are capable of printing 1000 or more 120-character 
lines per minute. As faster computers have become available there lum fl 
been a need for correspondingly faster printers. In an effort to supply 
this need many forms of printing have been investigated. Several scheme* 1 
have been devised for forming characters on an electrostatic or magnetic’ 
surface and then causing charged or magnetic particles, respectively, to 
be attracted to the surface. These particles act as ink and are huI>mc« j 
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quently transferred to the document where they are fixed firmly through 
the use of heat. Photographic printing methods have also been consid¬ 
ered. References to some of these investigations are contained in the bib¬ 
liography, but because of several engineering and computer systems 
problems these alternative printing methods have been slow in replacing 
the long-established mechanical method of placing an inked ribbon in 
front of the document and striking it with an appropriately shaped type 
face. 

One of the fastest electronic methods of printing to appear involves 
a cathode ray tube in which the electron beam is shaped to form a char¬ 
acter by passing the electrons through a very small aperture of the de¬ 
sired pattern. By placing several different apertures (sixty-four in com¬ 
mercially available tubes) in a single plane electrode and deflecting the 
beam to the selected aperture a corresponding number of differently 
shaped characters can be obtained. As the electron beam continues on 
toward the screen of the cathode ray tube it is subsequently realigned 
and then deflected to the desired position on the tube face. Facilities 
which function similar to the holding gun in the holding-gun storage tube 
are included to store the image of the characters on the screen so that 
it is not necessary to depend on the persistence of the phosphor for view¬ 
ing the output information. The output may be either utilized for visual 
presentation or may be photographed for permanent recording by any 
of several mechanical arrangements. Speeds of 25,000 characters per 
second have been reported. Character display tubes of this type have 
been given the trade names of Charactron by Stromberg-Carlson Com¬ 
pany and Typotron by Hughes Aircraft Company. 

When the output information is to be entered into the computer again 
at some later time, it is of course inconvenient to print the information 
and then to require that it be restored to the binary code employed in 
the computer. When subsequent reentry is desired in large computers, 
magnetic tape has generally been found to be the most effective output 
medium because of the high volumetric density of storage that can be 
obtained and because of the high rate of speed that information can be 
transmitted to and from a tape unit. Incidentally, it is sometimes difficult 
to state definitely whether magnetic tape in this kind of service is an 
input-output device or a storage device. The type of function is more 
a matter of the application than of the design of the tape units. In 
smaller computers, punched cards and punched paper tape are frequently 
used for holding output information that is to be entered again. The 
need for output information that must subsequently be returned into 
the computer is diminished considerably in instances where large-capac¬ 
ity random access storage is available. However, even a partial analysis 
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of this point would require an appreciable amount of study of the appli- 1 
cations for which any given computer is intended. fl 

In the case of computers intended for purely scientific calculations the 1 

same general types of input-output devices are used, although the re- 9 

quirements on them tend to be less stringent than for business applica- I 

tions. The reason for the difference is that business problems usually j 

involve rather simple calculations on a large number of different records, 9 

whereas with scientific applications the problem parameters are often 
relatively easy to specify even when the calculations to be performed 
are quite complex. As in business problems, the consideration of the 1 

problem as a whole is often of value in determining the most effective ] 

input-output equipment to be used in the solution of a scientific prob- I 

lem. For example, a digital computer with a printer for an output device 1 

normally indicates the solution of a problem by producing tables of 
values of selected independent and dependent variables in the problem. ■ 
Frequently, it is desired that this output data be plotted in the form of I 
a graph. Several different means can be worked out for accomplishing 
this purpose, but if it is recognized from the beginning that the output 
presentation is to be a graph, a completely different approach might lx* 
taken in the design of the computer and its input-output equipment. In 
particular, it might be decided that the accuracy obtainable with digital 
computations is required but that the digital computers should simulate 
an analog computer in its method of computation. The input-output de¬ 
vices might then consist largely of devices for converting between the 
analog and digital systems of notation. 

As was mentioned at the beginning of the section, the topic of input 
output devices is quite extensive, and it should not be construed that the 
discussion here has covered any appreciable fraction of the total mini 
ber of ideas and concepts related to the subject. The objective has been 
to point out some of the major relationships between the input-output 
devices and the strictly digital part of a computer and to indicate tlm 
directions in which the research and development effort on the subject 
appears to be heading. 
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Chapter 11 


ANALOG-TO-DIGITAL AND DIGITAL-TO-ANALOG 

CONVERTERS 


For a short period of time in the course of scientific development the 
problem of “data reduction” appeared to be a formidable barrier to 
progress. The period existed for a few years during and after World War 
II when an increasing amount of effort was applied to the task of per¬ 
forming numerous and extensive experiments in aerodynamics, nuclear 
energy, and other such fields. At this time, automatic recording instru¬ 
ments of various types had been developed to a state of perfection that 
made it possible to record vast amounts of the data obtained from ex¬ 
periments, as different parameters of each experiment were varied. How¬ 
ever, to make use of the data it was generally necessary to use manual 
methods for obtaining digital representations of selected points on the 
plots made by the recorders and then use mechanical desk calculators 
to compute the intended results of the experiment. This process of “re¬ 
ducing” the data from the form generated by the instruments used in the 
experiments to a form indicating a useful experimental result gradually 
became more and more laborious and time-consuming as the complexity 
and scope of the experiments increased. In many instances it was found 
that unless an inordinately large amount of effort was placed on the data 
reduction part of the experiment, the time lag between the performance 

of the experiment and the learning of the results became a matter of 
months or even years. 

The advent of automatic digital computers was welcomed as a solution 
to the computing part of the data reduction process, but it was further 
necessary to provide automatic means for translating the instrument 
readings to digital form. In some cases the objective was to develop 
methods for reading or “following” graphs that were produced by the 
recording instruments and then to convert this data to digital rcpresen- 
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tation. However, it was quickly recognized that it is generally preferable 
to bypass the data graph in experiments where extensive computations 
are to be performed on the data. Instead, the signals generated by the 
sensing instruments are immediately converted to digital form and all 
subsequent data transmissions, storage, computations, and other manipu¬ 
lations are carried out in the digital system. In instances where the final 
results of the experiment are desired in graph form, the tables of num¬ 
bers produced by the digital computer can be automatically converted 
back to analog form for the preparation of graphs by graph plotting 
machines. 

As evidenced by the various published technical papers on the subject, 
the art of analog-to-digital and digital-to-analog conversion was in a 
rather primitive state as late as 1950 although many of the basic ideas 
were known by this time. In 1950, research and development work 
on digital computers had reached substantial proportions, but relatively 
few computers were in actual operation. Shortly after this approximate? 
date, computers available for use appeared in increasingly large numbers, 
and activity on the development of analog-digital conversion equipment 
to be used in conjunction with them increased accordingly. 

More recently, the use of analog-digital conversion equipment has 
been extended from the conceptually elementary data reduction problem 
to the problem of “real time” control which was mentioned in Chapter 1, 
In a real time application the control mechanism including the analog- 
to-digital converters, the computer, and the digital-to-analog converter,•< 
must all function with sufficient accuracy and rapidity to provide control 
signals that are capable of guiding the system under control in the in 
tended manner. For large-scale applications where conventional analog 
servomechanisms cannot be used, the task of analyzing the system to he 
controlled, such as a chemical processing plant for example, appears In 
be at least as great as the task of designing the control mechanism. In 
fact, by the time a system is analyzed sufficiently for work to start on 
the control mechanism, it is often found that the system analysis him 
uncovered so many ways of improving the plant that it would actually 
be better to build a new and improved plant than to control the exiMling 
one. Regardless of current problems relative to real time control, il up 
pears certain that the use of digital techniques together with various 
items of analog-digital conversion equipment will play an increasingly 
important role in the general trend toward making manufacturing npi-i • 
ations and other functions more automatic. m 

The interconnection of analog computers and digital computers is mi 
other application of analog-digital conversion equipment that may pruva 
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to be of considerable importance. Although digital computers have been 
produced in much greater quantity than analog computers because of the 
application of digital computers to business accounting problems, analog 
computers are better adapted to many scientific and purely mathematical 
problems. It is well known that in general digital computers offer greater 
accuracy in problem solution and also they offer greater flexibility, so 
that a wider range of problem types can be solved. On the other hand, 
analog computers can be programmed more easily and they tend to be 
much faster on the problem types for which they are intended. For some 
problems it appears that the most effective computer should consist of 
both analog and digital sections, part of the problem being solved in 
analog fashion and other parts being solved by digital techniques. The 
interconnections between the two sections would, of course, employ ana¬ 
log-digital converters. It should be noted that the more recent analog 
computers are available with provision for entering the “set-up” infor¬ 
mation (potentiometer settings, amplifier interconnections, etc.) in dig¬ 
ital form in much the same manner that the program is entered in a dig¬ 
ital computer. With these facilities available the digital section of the 
computer can be caused to control the analog section in an effective and 
highly flexible manner so that the various parts of the problem can be 
solved in digital fashion or in analog fashion as desired. 

Major Types of Analog-to-Digital Converters. A large number of 
different schemes have been invented for converting between analog and 
digital representations. In the case of analog-to-digital converters, or 
“encoders” as they are frequently called, most of the schemes can be 
categorized into one of two major types according as the analog input 
signal is in the form of a physical position (usually involving a shaft 
rotation but in some instances involving linear motion) or the input 
signal is in the form of an electrical voltage. As will become evident in 
later sections of this chapter, the encoders involving electrical voltage 
input signals are generally electronic in nature and bear little resem¬ 
blance to encoders to which a mechanical input signal is supplied. On the 
other hand, the differences in the encoding methods should not be con- 
lused with possible differences in the original sources of the signals. By 
way of illustrating this point observe that a purely mechanical input 
signal as represented by a shaft position can be converted to an electrical 
analog signal by connecting the shaft to the arm of a potentiometer act¬ 
ing as a voltage divider. Also, an electrical voltage can be converted to 
a mechanical shaft position through the use of conventional servomecha¬ 
nisms components. 

In spite of the almost universal acceptance of electronic components 
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in the main body of a digital computer, the use of a mechanically rotat¬ 
ing shaft in an analog-to-digital converter has some important and per¬ 
haps unexpected advantages. Specifically, in some applications the me¬ 
chanical encoder can be made to function at a higher rate of speed than 
an electronic encoder. Whether the position is sensed by means of brushes 
and contacts or by means of photoelectric cells, the actual generation of 
the digital signal can be accomplished in a manner that might be de¬ 
scribed as instantaneous, whereas the electronic methods involve a cer¬ 
tain amount of time. A second advantage of position-input encoders for 
some applications is that the achievable accuracy is greater. Optical codr 
discs which measure shaft position to 1 part in 65,536 parts of a revolu 
tion have been manufactured commercially by the W. and L. E. Gurley 
Company and by the Electronics Division of the Baldwin Piano Com¬ 
pany. With this accuracy 16 binary digits would be used to indicate the 
shaft position. By counting revolutions or by interpolating between indi 
vidually coded positions, even greater accuracy is possible. With voltage- 
input encoders, an accuracy of 11 binary digits (which corresponds In 
about 0.05%) appears to be a practical upper limit, and this limit n 
without possible extensions resulting from factors that would correspond 
to revolution counting or interpolation. Another advantage of position 
input encoders that is occasionally important is the feature whereby (ho 
code used to represent the various positions can be selected to yield a 
digital number representing some complex function of the position In 
particular, this feature has been utilized to produce digital numbers Hint 
represent the sine or cosine of the angular position of the shaft. 

As might be expected, there are some important comparative clrnmc 
teristics of the two types of encoders that are in favor of encoders u mu 
voltage-input signals. For one thing, when making a true speed compm l 
son between position-input and voltage-input encoders, considers! mn 
must be given to the rate of change of the input variable and to lliii 
time derivative of the rate of change. With a position-input, encodei', 
the velocity of a mechanically moving part corresponds to the nde n( 
change of the input signal, and the acceleration of this part coiTespoiuU 
to the time derivative of the rate of change. In many applications ritlinf 
the necessary velocity or the acceleration, or both, would be so r.inil 
that it would be extremely difficult, if not out of the question cidiicly, 
to employ mechanically moving parts of any type. One of the more .ml* 

standing advantages of voltage-input encoders is in the fact Unit < 1.. mIi 

relatively simple electronic switching techniques a single c 1 i»• i( 11 1 in- 
analog conversion unit can be used to translate a large number ol input 
signals to digital notation on a time-sharing basis. “Multiplexing” In tm 
term generally used to describe this function. The avoidance of Hi* 
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“detenting” or “ambiguity” problem is another advantage that is real¬ 
ized with most forms of voltage-input encoders. 

In numerous instances the original source of the analog signal is nei¬ 
ther a position nor a voltage, and many special types of analog-to-digital 
converters have been devised to meet specific requirements. However, it 
is usually found that the most satisfactory way to handle other types’ of 
input information is to convert the parameter to a voltage. For example 
a temperature, if measured with a thermocouple, produces a voltage in¬ 
dication. Another example is shaft rotational velocity, which can be 
converted to a voltage by using a small electric generator. 

The two major types of analog-to-digital converters which have just 
been discussed can be further subdivided into various classifications. 
Among position-input encoders, some employ brushes with conducting 
and insulating segments while others employ photocells with transparent 
and opaque segments. Still others have been designed to employ other 
indicating means, such as the rulings on a diffraction grating. 

Voltage-input encoders generally fall into one of two categories. In one 

. ^ a time interval in the follow- 

mg manner. A linear “ramp” or “sawtooth” voltage wave form is gen¬ 
erated by the encoder. The time interval is started at some zero or ref¬ 
erence level and is terminated when the ramp voltage equals the input 
voltage to be converted to digital form. The conversion from a time 
interval to a digital number is accomplished by sending a continuous 
series of uniformly spaced “clock” pulses to a counter. With this ar¬ 
rangement the number stored in the counter at the termination of the 
time interval is proportional to the duration of the time interval and 
therefore is also proportional to the magnitude of the input voltage. 
The voltage-input encoders in the second category function through a 
process of successive comparisons of the input voltage with a set of volt¬ 
ages of known values. The input voltage is first compared with a voltage 
equal to one half of the maximum intended “full-scale” value. If the 
input voltage is greater, the most significant binary digit is known to be 
a 1. The next comparison is made between the input voltage and the sum 
of the first voltage and a voltage equal to one quarter of the full-scale 
\ alue. If the first digit had been a 0, the second comparison would have 
been between the input voltage and the quarter-value voltage. The 
process is then continued in a manner which has been likened to the 

. an equal-arm balance with standard 

weights for making a weighing measurement. In a sense, the actual con¬ 
version is from digital lo analog, with a feedback comparison used to 
adjust the digital number accordingly. 

Each of the various types of analog-to-digital converters (encoders) 
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can be adapted to either the binary or the decimal system of numbers. 
The various schemes will be described in more detail in the following 
sections. 

Step-Counting Position-Input Encoders. One of the simplest meth¬ 
ods of converting a position input to a digital representation is to place 
a series of marks along the part that moves and to provide a means 
whereby these marks can be sensed and counted as the motion proceeds. 
The marks and the means for sensing them can be any of a wide variety 
of forms, but for purposes of illustration assume that the device that 
moves is a rotating shaft or disc where the marks consist of a series of 
commutator segments insulated from each other. The means of sens¬ 
ing the marks can consist of a brush analogous to a brush on an electric 
motor. Electrical connections are made to the commutator segments and 
the brush in such a manner that as the disc rotates, a circuit is alternately 
opened and closed. By passing a current through this circuit it is possible 
to generate pulses that can be fed to a counter. The counter therefore 
can be made to count the number of segments or steps that pass under 
the brush, with the result that the number in the counter is a digital 
representation of the position of the disc. 

The simple converter outlined in the previous paragraph would be 
satisfactory in applications where the motion of the disc is continuous and 
in the same direction at all times, but in applications in which the disc 
might be stationary at times or the motion might be in the reverse direc¬ 
tion at times, more elaborate arrangements are necessary to insure cor 
rect conversion. Specifically, if the disc happens to be stopped at a pn i 
tion where the brush is just barely making contact with one of the 
conducting segments, any slight vibration or other mechanical (list orb 
ance might cause the brush to leave the segment temporarily. A pul we 
would be generated and sent to the counter even though the nominal pn 
sition of the disc is unchanged, and an unwanted stepping of the count* i 
would occur. One method of overcoming this difficulty is to provide two 
sets of alternately positioned segments on the commutator. One net may 
be called the A set and the other set the B set. The segments of the A net 
may be connected to function as described above, with the added feat me 
that a pulse is sent to the counter only if a pulse from the B set (him bei u 
generated since the last pulse from the A set. I 

Two sets of segments are not sufficient to insure proper operation when 
the direction of motion may be reversed. For example, assume that I ho 
amount of motion is very small and that it is of a back-nnd fort h mil mu 
such that the brushes make contact with an A segment and a B negim nt 
alternately. The pulses which are generated will be exactly the hiuho •»*» 
though the motion were continuous in one direction. 'The counlei will 
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respond accordingly with an incorrect indication of the position. One 
solution to this problem is to add a third set of segments, which may be 
called the C segments, with the segment positioning so arranged that 

, . _ O in one direction 

and in the sequence of C-B-A for motion in the opposite direction The 

counter can be caused to count “up” when an A pulse is received if a B 

pulse and then a C pulse has been generated since the last A pulse The 

counter can be caused to count “down” if the sequence of the B and C 

pulses between successive A pulses is reversed. A study of the problem 

will show that all conditions of instability in the stationary state and all 

possible combinations of motion reversal can be identified by the pulse 

sequence, and circuits can therefore be designed to provide for proper 
counter response. 

An alternative segment arrangement is possible with only two sets of 
segments if the sets are on separate “tracks.” The segments are arranged 
to overlap so that, for motion in one direction, the brushes make contact 
in the following sequence: an A segment only, both an A and a B seg¬ 
ment, a B segment only, both an A and a B segment (or no contact), 
and then repeat. Again, the sequence of pulse types contains all the in¬ 
formation necessary to indicate the motion of the disc, and it is therefore 

possible to design circuits that select the proper pulses for transmission to 
a counter. 

Other variations are possible in special cases. For example, in some 
applications an external signal may be available for indicating the direc¬ 
tion of motion, in which case the commutator segment circuits can be 
simplified. In other applications it is feasible to “detent” the motion in 
such a manner that signals are generated by the commutator only when 
the disc is in one of a series of discrete positions, and when the disc is 
stationary its position is clamped in one of these positions. 

The commutator segments may be replaced by alternate transparent 
and opaque regions in the disc, a lamp and a photoelectric cell being 
used to sense the motion. The disc may be fabricated either by cutting 
holes in a metal plate or by a photographic process. In either case the 
photoelectric scheme offers advantages of less frictional wear and of more 
closely spaced marks so that for a given disc diameter a more accurate 
determination of position can be made. The usual difficulties related to 
the instability of photocell output signals are encountered, of course. The 
problems related to instability of position in the stationary state and to 
motion reversal are the same with photoelectric cells as with commuta¬ 
tion brushes, and the solutions to these problems are also substantially 
the same. 

In spite of the simplicity of stop-counting position encoders in com- 
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parison with encoders to be described later, the step-counting idea seems 
to have been used only rarely. There are two important objections to 
the idea. One objection is that it is generally difficult to relate the num¬ 
ber in the counter to the zero or home position of the disc, particularly 
when the equipment of which the encoder is a part is not being used con¬ 
tinuously. The other objection is that if even one error is caused by a 
malfunctioning of the counter or a commutator brush, the counter re¬ 
mains out of step with the disc position for all subsequent indications of 
position. In applications where the disc rotates continuously it would be 
reasonable to consider a scheme whereby the counter is reset each time 
the disc or other rotating element passes the zero position. The address 
counter for a magnetic storage drum is actually an analog-to-digital 
converter of this type, but most applications do not seem to allow the 
resetting operation in a convenient manner. 

A step-counting encoder which employs quite a different marking and 
sensing method has been produced commercially by Telecomputing Cor¬ 
poration. An electrical conductor in a zig-zag pattern is placed around 
the circumference of the rotating element. By supplying this conductor 
with a high frequency alternating current, a voltage can be induced in n 
small loop of wire positioned near the rotating element. The size of Un- 
loop should be approximately the same as the size of one of the loops in 
the zig-zag pattern. The phase of the voltage induced in the pick-up 
loop will be dependent on the physical phase relationship between Hum 
loop and the zig-zag pattern. Also, the amplitude will be a function of 
the relative position with the amplitude going to zero at points when’ 
the voltage changes phase. The output signal from the pick-up loop c< 
transformed into pulses suitable for operating a counter. The amplitude 
of the output signal is made much greater than is possible through Hie 
use of a single-turn pick-up loop by using a similar zig-zag conductor 
on the stationary member of the encoder where the angle separating in¬ 
dividual loops on the two zig-zag conductors are equal. The voltage at 
the phase reversal points still goes to zero, however. The ability to supply 
1000 pulses per revolution at speeds from zero to 1800 revolut ions p< i 

minute has been reported. 

An alternative step-counting method that has been used in a lew in 
stances involves rotating the sensing element at high speed. A ndcrcni'i 
pulse is generated at the time the sensing element passes a zero po M mn 
and another reference pulse is generated at the time it passes a nmi k on 
the shaft supplying the position-input signal. The position is convnlid 
to digital notation by sending clock pulses to a counter during the time 
between the two reference pulses. The frequency of the clock pulse* imml 
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bear a linear relationship to the rotational velocity of the sensing ele¬ 
ment. 

Coded-Segment Position-Input Encoders. In the majority of appli¬ 
cations it is preferable if not mandatory that the position-input analog- 
to-digital converter supply a definite digital indication of position at all 
times such that the indicating means is not dependent on the past history 
of the motion as it is in most of the step-counting encoders. The basic 
method for achieving this purpose is to employ a separate segment track 
and brush (or the equivalent photoelectric elements) for each binary 


ooooo ooooo 



(a) (b) 

Fig. 11-1. Pure binary and reflected binary segment patterns. 

digit of the digital representation. The lengths of the segments are chosen 

to correspond to the changes in binary digits in the coded representation 
of position. 

For a disc capable of indicating position to an accuracy of % 2 revo¬ 
lution in the pure binary system of numbers, the segment pattern is as 
illustrated in Fig. 11-1 (a). Five binary digits are required. The dark 
areas in the figure correspond to the conducting segments, and the 
brushes are assumed to be mounted on a single radial line. The electrical 
circuit through the brushes and segments is completed through an extra 

brush and a slip ring (not shown in the figure) to which all segments are 
connected. 

The operation of an encoder of this type is straightforward except for 
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one fundamental problem encountered with the pure binary code. For cer-. 
tain successive number representations, two or more digits change value 
at the same time. For example, when the digital indication of the posi¬ 
tion changes from 00001 to 00010 (demical 1 to 2), two binary digits 
change value. The problem is even more apparent when the representa¬ 
tion changes from 11111 to 00000, when the values of all five binary 
digits change simultaneously. For a digital representation of 00000, the 
position of the brush arm relative to the coded segment disc is shown in 
the figure. If the brush arm is rotated counterclockwise (or if the disc is 
rotated clockwise) a small amount, all five brushes will come into contact 
with a segment. However, unless the dimensional tolerances on the seg¬ 
ments and brushes are reduced to zero, which appears to be impossible, 
there will be a small range of position where some of the brushes will bo 
making contact with their respective segments and other brushes will not 
be making contact. In this range an erroneous indication of position will 
be generated. For example, if as the brush arm is rotated counterclock¬ 
wise the third brush from the center makes contact first, the digital indi¬ 
cation will be 00100, but this number corresponds to a position Severn I 

segments away, as indicated in the figure. 1 

A large part of the subject of position-input encoders is related to I lie 
problem outlined in the previous paragraph. Many of the various hi 
coders which have been invented differ from each other principally ill 
the manner by which this problem is solved. 

Probably the simplest solution from a conceptual standpoint is to 
provide a scheme whereby a reading can be taken only when the bnmli 
arm is well centered on one of the sectors corresponding to a dir Hid 
representation for a position. One way of implementing this solution i» 
to provide an extra set of segments and a brush where the extra segment * 
have dimensions and positions such that contact is made only when I In* 
brush arm is in the central region of a sector. The extra segments mid 
brush are connected in a circuit which allows the signals from the dir,it 
indicating segments and brushes to be inhibited when the brush m m is 
at a boundary between adjacent sectors. Of course, this inability hi 
produce a conversion for certain positions of the brush arm would in it 
self be a disadvantage in many applications. 

Another method of causing a reading to be taken only when the bni< li 
arm is centered on a sector is to provide a mechanical detent ing sclu in# 
whereby the physical position is shifted slightly in one direction or tin* 
other when the brush arm is at a sector boundary. The detent inr. IduH 
is employed in an encoder made commercially by the Fisher and I'm tel 
Company, In this particular instance, discs with mcchiiniml rmnlilu* 
segments instead of electrical commutator segments are used Winn i» 
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reading is to be taken, the detent mechanism adjusts the position of the 

discs, and mechanical fingers sense the location of the cams. Each finger 

causes a contact to be closed or not according as it finds a “hill” or a 

“valley” in the cam. Devices of this type are well suited to many analog- 

to-digital conversion applications, but the mechanically moving parts 

impose obvious speed limitations in comparison with other forms of 
converters. 

A more commonly used method of solving the problem of ambiguity at 
sector boundaries is to adopt a code for which successive number repre¬ 
sentations differ by the value of only one digit. Many such codes can be 
found with one of the most straightforward being known as the “re¬ 
flected binary or Gray code. This code is developed by reversing the 
sequence of low-order binary digits (that is, “reflecting” them) and 
changing the value of the next higher binary digit. For four binary digits, 
the code is started with 0000 and 0001. The next two numbers in the 
sequence are obtained by reversing the sequence of the least significant 
digit and by changing the second digit from 0 to 1. This procedure pro¬ 
duces 0011 and 0010 for the third and fourth numbers, respectively. For 

all of the sixteen numbers that can be obtained with four binary digits 
the sequence is as follows. 

0 0000 

1 0001 

2 0011 

3 0010 

4 0110 

5 0111 

6 0101 

7 0100 

8 1100 

9 1101 

10 1111 

11 1110 

12 1010 

13 1011 

14 1001 

15 1000 

With more binary digits, extensions to larger numbers are obtained in a 
similar fashion. 

The segment pattern for a five-digit reflected binary code is shown in 
Fig. 11-1 (b). Note that as the disc (or the brush arm) is rotated, the 
electrical connection for only one brush is either completed or broken at 
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any given sector boundary. Therefore, when the brush arm is at a 
boundary, there may be some uncertainty in the digital representation 
with regard to which of the two adjacent sectors is being sensed, but the 
possibility of obtaining an erroneous indication of some remote sector has 

been eliminated. I 

Inasmuch as no good method has been found for performing arithmetic 

operations on numbers represented in the reflected binary code, or in any 
other code having the property of a single digit change between succes¬ 
sive numbers, it is generally necessary to translate the digital representa¬ 
tion to pure binary form when a segment pattern of the type shown in 
Fig. 11-1 (b) is used. For the reflected binary code the translation is not 
particularly complex, but the amount of equipment consumed is great 
enough to cause the need for translation to be frequently cited as an 
important disadvantage of this method of solving the sector boundary 
problem. The logical circuits described in Chapters 2, 3, 4, and 5 can be 
adapted in many different ways to the actual translation. The rule to be 
followed in the translation from reflected binary to pure binary is that 
the binary value of a given digit is inverted or not inverted according n < 
the value of the binary digit of next higher order (after translation) r 
1 or 0, respectively. When the translation is accomplished serially, <bn 
rule implies that the sequence in which the digits are to be translated 
is from high order digits to low-order digits. The need for this sequciim 
happens to be somewhat unfortunate because the opposite sequence i < 
required to handle the “carries” in arithmetic operations. 

Another method of translating from the reflected binary code to t lift 
pure binary code involves two serial transmission of the number in n 
fleeted code to a complementing flip-flop that is initially set to 0. Th§ 
flip-flop changes to its opposite state if the value of the binary digit- hciiIi 
to it is a 1, but its state is unaltered if the digit is a 0. The first transml* 
sion is for the purpose of recording whether the number of 1’s in I be num¬ 
ber is odd or even. The lowest order (that is, least significant) digit n( 
the number in pure binary form is 1 or 0 according to whether tin n In 
an odd or an even number, respectively, of binary l’s in the rolled tn| 
representation. During the second transmission of the number to the nun 
plementing flip-flop, where the transmission is made with the low-nnlof 
digits first, successive states of the flip-flop indicate successive viihier. nf 
the binary digits in the number in the pure binary code. That, thin pincn 
dure produces the intended result can he checked by selecting Munpln 
binary numbers and determining the states that the flip-flop would IntVIi 
A point to be observed with the segment arrangement in either the la) 
or the (b) part of Fig. 11-1 is that the requried angular tolerance cm ill* 
segment edges is the same for all tracks. This requirement impose* piatt 
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tical limits on the minimum radius that can be used for the tracks. Some 
of the position-input encoders to be discussed later avoid this problem. 

The Double-Brush Method of Avoiding Errors at Sector Bound¬ 
aries. Fig. 11-2 illustrates a method of preventing errors at the sector 
boundaries when the pure binary code is retained. In this figure the seg¬ 
ment tracks are shown in straight lines as would be used for linear mo¬ 
tion, but the principles apply equally well to segments in circular pat¬ 
terns as would be used for encoding the position of a rotating shaft. The 
method is often called the “double-brush” method because two sets of 
brushes are required when the method is used with commutator segments 
in an ordinary fashion. However, as will be discussed in somewhat more 
detail later, there are other embodiments of the same basic idea. 



Fig. 11-2. The double-brush method of conversion. 


In Fig. 11-2 the shaded areas represent the conductive commutator 
segments. The heavy vertical lines represent the brushes, and for illus¬ 
trative purposes the brushes are shown in four representative positions, 
A, B, C, and D. The light lines interconnecting certain of the brushes 
are schematic indications of which brushes are utilized under various 
circumstances, and these lines do not necessarily designate electrical con¬ 
nections between the brushes. In the double-brush method, a single 
brush is used to sense the segment in the track corresponding to the least 
significant digit (the 2° digit), but there are two brushes for each of the 
other tracks. One brush in each track is advanced with respect to the 
position being encoded, and the other brush is retarded an equal distance 
with respect to this position. The amount of separation between brushes 

on one track is made equal to the width of a segment on the track cor¬ 
responding to the 2° digit. 

The mode of operation is to sense the 2° digit first and then use the 
right-hand or -left-hand column of brushes (with the relative positions 
as indicated in the figure) to sense the 2 1 and higher-order digits accord¬ 
ing as the 2° digit was found to be a 0 or a 1, respectively. For example, 
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assume that the position being encoded is as indicated by A in the figure. 
This position is on the boundary between the 00101 and 00110 positions. 
If the brush in the 2° track happens to indicate this digit as a 0, the right- 
hand column of brushes will be connected in the circuit, and it may be 
observed that both the 2 1 and the 2 2 brushes are on conductive segments 
as required for an indication of 00110. On the other hand, if the 2° brush 
happens to indicate a 1, the left-hand column of brushes will be used 
to sense the other digits, and the 2 1 brush will not be on a conducting 
segment. The indication will then be 00101. Although there will be some 
uncertainty as to which of the two digital indications will be generated, 
this uncertainty is not important because in the pure binary code these 
two indications are for adjacent numbers in the series of numbers. Note, 
in particular, the possibility of producing an indication of 00111 for this 
position, which would be an error, has been eliminated. 

When the brushes are at position B in Fig. 11-2 there will be some 
uncertainty as to whether the digital representation will be 01010 or 
01011, as would be expected at a sector boundary with the pure binary 
code; but there is no possibility of some remote sector being indicated. 
When the brush position corresponds to position C in the figure, the 2° 
digit will be definitely 0, and therefore the right-hand column of brushes 
will be used. The numerical representation of position will therefore be 
01100. Although the brushes in the left-hand column will be at sector 
boundaries for position C, these brushes will not be used at this position, 
and so no errors will be created. Similarly, at position D the 2° brush 
senses a 1, with the result that the left-hand and not the right-hand 
column of brushes is used. For position D the digital representation of 
the position is 10011 without any possible error resulting from sector 
boundaries. An examination of these and other possible brush positions 
will reveal that the distance from a sector boundary to a selected brush 
in the 2 1 , 2 2 , etc., tracks will always be at least as great as one half 
the length of a segment in the 2° track. For circular patterns this dis¬ 
tance is an angular displacement and not a linear distance. 

The actual circuits to be used with the arrangement in Fig. 11-2 de¬ 
serve a brief comment. In particular, the brush on the 2° track must 
make a definite determination of a 1 or a 0 at the time a reading of 
position is made. In other words, even at a sector boundary, the brush 
must “make a decision” as to which digit value is indicated. This require¬ 
ment usually implies that some external device such as a relay or a flip- 
flop must be used with the 2° track. In the case of a relay, the signal 
from the 2° track causes the relay to be either open or closed. The sens¬ 
ing current for the two columns of brushes in the other tracks is then 
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passed through the normally open or normally closed contacts on the 
relay in such a manner that one and only one column of contacts is active 
at any one time. If the encoder must operate while the brushes (or the 
segments) are in motion, it may be found in some applications that the 
speed of a relay is not sufficient to follow the changes in digital repre¬ 
sentation. Also, if a reading is made during the time that the relay is in 
the process of opening or closing, an erroneous indication of 00000 might 
be obtained. For higher speeds of response an electronic flip-flop may be 
employed instead of a relay. However, in some applications even with 
very high-speed flip-flops, it is necessary to incorporate circuits or de¬ 
vices that will prevent a reading from being made during the time that 
the state of the flip-flop is changing. 

A variation of the double-brush method is to use a single set of brushes 
but with a physical shift in position in accordance with the value of the 
2° digit. Another variation is to employ two complete sets of segments 
except for the 2° track, where one set or the other is selected in accord¬ 
ance with the value of the 2° digit. If photoelectric components instead 
of brushes and conductive segments are used in the encoder, the method 
of avoiding errors at sector boundaries can assume one of several other 
variations. In one variation, one or the other of two light sources can be 
selected. In another variation, the selection can be made to apply to one 
of two photocells. In still another variation the slit that limits the light 
beam to the desired region on the transparent and opaque segment pat¬ 
tern can be shifted. In all cases the common factor is that the relative 
position of the sensing means and the code pattern is shifted slightly 
according to the value of the least significant digit. 

The V-Scan Method of Avoiding Errors at Sector Boundaries. In 
many respects the V-scan method of avoiding errors at sector boundaries 
is an extension of the double-brush method that was discussed in the 
previous section. In this case the name is derived from the fact that the 
brushes or other sensing elements are positioned roughly in the form of 
a V in some cases. The principles of the V-scan method are illustrated in 
Fig. ll-3(a). The method differs from the double-brush method in that 
a decision is made after the sensing of each individual digit as to which 
of two brushes will be used in sensing the digit of next higher significance. 
It has the advantage in comparison with the double-brush method that 
the separation between brushes may be increased with increasing sig¬ 
nificance of the digits with the result that the mechanical tolerances on 
brush position are stringent for only the least significant digits. The 
relaxed dimensional tolerances are of obvious value for reducing manu¬ 
facturing costs, but there is a less obvious beneficial result in that im- 
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Fig. 11-3. The V-scan method of conversion. 
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proved methods of obtaining a reading in the presence of brush motion 
become possible. The method has the disadvantage that the decision¬ 
making circuits add components and complexity. 

The brush pattern is as indicated by the heavy vertical lines in Fig. 
11-3(a). On any given track, the separation between the two brushes 
is equal to the length of a segment on the track corresponding to the 
digit of next lower significance. When the brushes are selected by the 
method to be described, this amount of separation causes a selected 
brush to be spaced from a segment end by a distance which is no less than 
one quarter of the length of a segment on the corresponding track. For 
the brush position as indicated by A in the figure, the digital representa¬ 
tion should be either 01011 or 01100 according as the 2° brush happens to 
be making contact or not with the segment. The rule to be followed in 
selecting brushes is that the left-hand or right-hand brush (with the 
relative positions shown) should be selected in any given track according 
as the digit of next lower significance is a 1 or a 0, respectively. With 
this rule and with the brushes in the A position, the left-hand brush in 
the 2 1 track will be selected if the 2° digit is sensed as a 1. In this case 
the 2 1 digit will be sensed as a 1, and therefore the left-hand brush in 
the 2 2 track will be selected. This brush will sense a 0 in the 2 2 track, 
and the right-hand brush in the 2 3 track will be selected. The right-hand 
2 3 brush will in turn sense a 1 and cause the left-hand 2 4 brush to be 
selected, which will sense a 0. The digital number will then be 01011. 
However, if the 2° brush happened to sense the 2° digit as a 0, the right- 
hand 2 1 brush would have been selected. The continuation of the process 
would cause the number to be 01100. For the example illustrated, the 
selection of brushes would follow one or the other of the two lines con¬ 
necting the various brushes. 

The means for selecting the brushes at each digit level are not shown 
in Fig. 11-3(a). The desired result could be accomplished by any of 
several different schemes involving a relay, flip-flop, or some analogous 
device in the circuit between successive binary digits. One scheme which 
calls for a slight elaboration in the segment pattern but requires only 
two diodes per binary digit is shown in Fig. 11-3 (b). The 2° track func¬ 
tions in the same manner as before, in that a binary decision device such 
as a flip-flop is set to one state or the other according as an electrical 
circuit is or is not completed by the segment pattern under the tw r o 
brushes of this track. If a 1 is sensed, a positive voltage appears on the 
left-hand output line of the binary decision device. This positive voltage 
serves as the indication of the least significant binary digit, and it is 
also applied to the left-hand brush in the pattern (center) part of the 2 1 
track. With the brush positions as indicated, a conducting path exists be- 
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tween this brush and the brush on the lower part (which acts as a slip 
ring) of the conductive pattern. The voltage on this brush serves as an 
indication that the 2 1 digit is 1, and the voltage is also applied to the 
left-hand brush in the pattern part of the 2 2 track. In this case the 
conducting path is to the brush in the upper part (slip ring) of the 2 2 
track. The lack of a positive voltage at the brush on the lower part of the 
2 2 track indicates that the 2 2 digit is a 0. The voltage from the upper 
part of the 2 2 track is connected to the right-hand brush in the pat¬ 
tern part of the 2 3 track, and the conducting path to the brush on the 
lower part of the track produces an indication of 1 for the 2 3 digit. The 
binary number is therefore 1011. 

If the least significant digit had been sensed as a 0 with the brush 
position as shown, the positive voltage would have appeared at the right- 
hand output line of the binary decision device, and by tracing the con¬ 
ductive path in a similar fashion it may be observed that the binary 
number 1100 would be produced. Note that 1011 and 1100 are successive 
numbers in the binary system. The action of the array in Fig. 11-3 (b) for 
other positions of the brushes may be analyzed in a similar fashion. 

The arrangement in Fig. 11-3 (b) has the feature that the l’s comple¬ 
ment of the indicated binary number can be generated merely by taking 
the output signals from the upper (0) instead of the lower (1) slip ringN. 

The diodes in the circuit are for the purpose of preventing the two pos¬ 
sible conducting paths from being shorted together when a brush from 
each path happens to be on the same segment. With the brush position 
used as an example in Fig. 11-3 (b) the diodes between the 2 2 and the 2" 
tracks prevent improper operation that would otherwise occur as a mini! 
of the conducting path between the two brushes on the pattern part of 
the 2 3 track. 

A scheme similar to the one shown in Fig. 11-3 (b) has been employed 
in a line of analog-to-digital converters manufactured by the Nonlcn 
Ketay Corporation. 

Fig. 11-3 (c) illustrates one masking arrangement by which the V-huuii 
method has been adapted to photoelectric sensing. The various X and 1 
areas represent the lengths of the regions covered by the light beams Hod 
are used to sense the light and dark areas. The relative positions of Uicno 
areas and the segments for the particular position indicated in the ligmv 
correspond to the boundary between 111 and 000. The X 0 and Y {) aiviim 
extend a length equal to the length of a segment on the 2° track. Tim \ ,, 
Y i, X 2 , Y 2 , etc., areas extend a length equal to */2 of a segment length nit 
the corresponding track. The center lines of the X 0 and Y {) areas urn m>\> 
arated by a distance equivalent to % of a segment length, and the ccnli i 
position of the two areas together is shifted Vi> of a segment length In Mm 
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left ° f the A position, which corresponds to the position being sensed. 
With this arrangement, the 2° digit is sensed as a 1 or a 0 according as 
the Y o or the X 0 , respectively, area covers the larger part of an opaque 
(shaded) segment. If a digit is a 1, the Z„ area is used for sensing the 
digit of next higher significance, but if a digit is a 0, the Y n area is used 
for the next digit. For the 2‘ digit and for digits of higher significance, 1 
and 0 correspond to dark and light areas, respectively. Note that regard¬ 
less of the relative position of the sensing elements and the coded seg¬ 
ments, the selected sensing areas always fall entirely within or entirely 
outside of an opaque segment. Because of the repetitive nature of the 

binary pattern, some or all of the sensing areas can be shifted an integral 
number of segment lengths- " 



■ e -g-> to the positions indicated by areas X\ 
and Y \—for convenience in the mounting of the lamps and photoelec¬ 
tric cells. Also, corresponding areas can be operated in parallel to in¬ 
crease the amount of light reaching a cell. 

The Use of Gears Between High- and Low-Order Digit Encoders. 

In several designs of analog-to-digital converters a gear train of some 
sort has been used between the segment tracks for the high- and low- 
order digit positions of the resulting digital number. In some cases the 
input shaft is geared “up” so that a brush arm on the high-speed shaft 
makes several revolutions for each revolution of the input shaft. In 
this case the digits of greater significance are encoded at the relatively 
ow-speed input shaft, and the digits of lesser significance are encoded 
at the, high-speed shaft. It should be remembered that “greater” and 
“lesser” apply to the mathematical weight of the individual digits and 
that it is the digits of lesser significance which provide the accuracy in 
the digital representation (and which are more difficult to obtain). The 
purpose of gearing up is that the increased angular motion of the high¬ 
speed shaft makes it possible to avoid the extremely short segment 
lengths that are otherwise required for the digits of lesser significance 
The need for accurately machined gears and the relatively large inertia 

reflected back to the input shaft are, of course, important disadvantages 
of the use of gears for this purpose. 

In other cases the input shaft is geared “down” so that several revo¬ 
lutions of the input shaft are required for each revolution of the other 
shaft, which is now the low-speed shaft. As before, brush arms with 
coded segment discs may be placed on both shafts, digits of greater and 
lesser significance being taken from the relatively low- and high-speed 
shafts, respectively. The purpose of the gearing in this case is to provide 
a means for indicating the number of revolutions through which the input 
shaft has turned as well as for indicating its angular position. When 
gearing down, the gears need not be accurate and an appreciable amount 
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of backlash can be tolerated if circuits analogous to the V-scan scheme 
are used to interconnect the segments patterns on the two or more shafts 
involved. 

In some applications many sets of gears are used. In at least one in¬ 
stance a set of gears giving a 2:1 turns ratio was employed between each 
successive binary digit in an encoder. A more common arrangement em¬ 
ploys gears that produce a 10:1 turns ratio between successive decades 
in a decimal encoder. An example of this type is included in the next 
section. For the most part, the segment patterns that can be used are 
analogous to the segment patterns used with single code discs, the major 
difference being that the relative lengths (in terms of angle) of the seg¬ 
ments differ by an amount equal to the gear ratio. Ordinarily, gears are 
employed only with mechanical or electromechanical sensing methods 
and not with photoelectric encoders. 

Decimal Position Encoders. Most of the position encoding methods 
that have been described are adaptable to the decimal as well as the 
binary system of numbers. With step-counting encoders it is sufficient to 
replace the binary counter with a decimal counter for counting the steps 
of motion. 

Two major considerations arise when applying the concept of reflected 
codes to decimal notation. One consideration is that the decimal digits 
should be so sequenced that the representations of successive numbers 
should differ by only one digit. This requirement is not satisfied in the 
conventional decimal notation because, for example, 099 and 100 are 
successive numbers where all three digits in the two numbers have 
changed. The reflected decimal code can be derived by counting in the 
following sequence: 1, 2, 3, ••• 8, 9, 19, 18, ••• 12, 11, 10, 20, 21, 
••• 28, 29, 39, 38, ••• 91, 90, 190, 191, 192, ••• 199, 189, 188, and 
so on. The other major consideration is in the binary coded represcnta 
tion that is used for each of the ten decimal digits. Only one binary digit 
should change in the representations for successive decimal digits. Thin 
requirement can be met by using the first ten binary digit combination' 
in the reflected binary code. In this code decimal 0 is represen t ec I by 
0000 and 9 is represented by 1101. Although when proceeding from 9 to 
0 with this code there would be changes in the value of three of tbe 
binary digits, the code is satisfactory in the reflected decimal system 
because 9 and 0 never follow each other as they do in the pure derinnd 
system. However, the reflected binary code for the individual dee in ml 
digits is inconvenient when the reflected decimal number must be trmiM 
lated into the pure binary code. Also, the use of the binary digit com 
bination 0000 for one of the ten digits is deemed undesirable in ninny 
applications because the failure of a sensing element cannot be dctcrlml 
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if this code combination is utilized. If it is known that there must be at 

least one 1 in the representation for each decimal digit it is possible to 

incorporate circuits that will provide a good check that the sensing 
elements are functioning. 

A study of the digit sequence in the reflected decimal code will reveal 
that the rule to be followed in translating a number in the reflected deci¬ 
mal code to the pure decimal code is to invert a given digit to its 9’s 
complement or to use the digit as it appears according as the next higher 
order digit, after translation, is odd or even, respectively. For example, 
when translating 732 in reflected decimal to pure decimal, the 7 is un¬ 
changed because the next higher order digit (an assumed 0) is even; be¬ 
cause 7 is odd, the 3 is changed to its 9’s complement, which is 6; and 
the 2 is unchanged because 6 is even. The resulting pure decimal number 
is therefore 762. The rule to be followed when translating a number from 
the pure decimal to the reflected decimal code is to use the 9’s comple¬ 
ment of a given digit or the given digit itself according to whether the 
next higher order digit, before translation, is odd or even, respectively. 

Because of the need for obtaining 9’s complements when translating 
back and forth between the pure and reflected decimal systems, it is 
desirable to have the decimal digits represented in binary codes that 
facilitate the complementing. It is possible to devise a code where the 
inversion of a single binary digit will produce the 9’s complement, and at 
least three such codes have been used. The three are as follows. 

0 0010 0101 0001 

1 0110 0001 0011 

2 0111 0011 0010 

3 0101 0010 0110 

4 0100 0110 0100 

5 1100 1110 1100 

6 1101 1010 1110 

7 1111 1011 1010 

8 1110 1001 1011 

9 1010 1101 1001 

Each of the three codes has the property that representations for succes¬ 
sive decimal digits differ by only one binary digit. Also, representations 
for the 9’s complement pairs (0-9, 1-8, 2-7, 3-6, and 4-5) are the same 
in the second, third, and fourth binary digits, the only difference being 
an inversion in the first binary digit. The codes also have the property 
that the first binary digit is a 0 for decimal digits 0 through 4 and is a 
1 for decimal digits 5 through 9; this property is of no particular con- 
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A voltage is supplied to one or the other of the two brushes in the units 
decade through the circuit shown. If the leading brush is making contact 
with a segment, current flows through this brush and segment and then 
through the corresponding lamp. With the brush positions shown in the 
figure, the decimal number 760 is indicated and the current flows to the 
0 segment. A normally closed contact on the relay opens the circuit to 
the lagging brush. The path for the current is then to the leading brush 
on the tens decade, which is shown to be just arriving on the number 6 
segment of that decade. The path of current continues to the lagging 
brush on the hundreds decade, where it flows to the number 7 segment 


sequence in the reflected decimal code but it is useful when the code is 
adapted to V-scan schemes of interconnecting decimal digits. 

The first of the three codes listed in the preceding paragraph is derived 
from the reflected binary code by eliminating the first three and the last 
three of the sixteen combinations that are obtained with four binary 
digits. The use of 1111 for one of the digits (7) is sometimes cited as a 
disadvantage for this code because in the case of relay circuits it is 
necessary to actuate four relays. A saving in relay current driving ca¬ 
pacity is obtained with either of the other two codes because at most 
only three relays would need to be actuated at any one time. A very 
minor difference between the properties of the second and third codes is 
found in the fact that, considering all ten digit combinations, two fewer 
l’s are found in the third code than in the second. 

If the double-brush method is used for avoiding errors at sector bound¬ 
aries, the pure decimal number system and any desired decimal code 
(usually the conventional 8-4-2-1 code) can be chosen for the converter. 
The principles discussed for binary numbers apply directly without any 
particular complications. 

The V-scan method can also be applied to the decimal number system 
in a fairly direct manner, but there are several choices that may be made 
in the details of the arrangements. It is possible to incorporate facilities 
that make a decision between each individual binary digit and its neigh¬ 
bors, but it is probably more common practice to include such decision¬ 
making elements only between the decimal digits and not between the 
binary digits within a decimal digit. One such arrangement is shown in 
Fig. 11-4. In this figure three circular segment paths are shown—one for 
each of three decimal digits. With this configuration it would be assumed 
that a 1:10 gear would be included between successive decimal orders. 
However, the same principles would apply if all three segment tracks 
were related to the same shaft, although in this case the lengths of the 
hundreds and tens segments would be one hundred times and ten times, 
respectively, the length of the units segments. A one-out-of-ten code is 
used for each decimal digit in the example shown. The small circles 
represent lamps or other devices that are actuated by the passage of 
current through the corresponding wires. 

For the operation of the encoder in Fig. 11-4 two brushes are utilized 
on each decade. For increasingly larger numbers the direction of rotation 
of the brush arms is clockwise, and with this direction of rotation one 
brush may be termed the leading brush and the other the lagging brush. 
The interconnecting circuit between any two successive decades is 
through one or the other of two wires according as the value of the digit 
of lesser significance is in the range of 0 to 4 or in the range of 6 to II. 



Hundreds Tens Units 


Fig. 11-4. A decimal analog-to-digital arrangement. 

and then to ground. If the units brush arm were at a position slightly 
counterclockwise with respect to the position shown, the leading brush 
of this decade would not be making contact, and the current from the 
battery would in this case flow through the resistor and relay contact to 
(he number 9 segment. With this position the path of current would be 
through the lagging brush on the tens decade to the number 5 segment 
and then through the lagging brush and number 7 segment of the hun¬ 
dreds decade. The resulting decimal indication would be 759. It is in¬ 
structive to trace the path of current for other assumed positions of the 
brush arms. 

A line of analog-to-digital converters utilizing a scheme of the type 
illustrated in Fig. 11-4 is manufactured by the Coleman Engineering 
Company, Inc. 
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When each individual decimal digit is to be represented in a four-digit I 
binary code instead of the one-out-of-ten code, several avenues of ap- 1 
proach may be followed. Generally, the different schemes are combinations I 
of ideas that have already been discussed. One method is to use four 
sets of segments for each decimal digit, the digit code being one of the I 
a one-change-per-digit” codes that have been presented above. Two sets I 
of brushes are used for each digit except the one of least significance. 1 
The leading set or lagging set of brushes is used to sense the value of a 
given digit according as the digit in the next lower order was sensed to 
be in the range of 0 to 4 or in the range of 5 to 9, respectively. With the J 
codes that were shown, this determination can be made by sensing the I 
value of the first of the four binary digits in the code. If the digital in- 



Fig. 11-5. Using a position-input encoder for a voltage-input signal. 


formation is to be used in a computer, it is generally necessary to make 
a translation from the “one-change-per-digit” code to the code as lined 
in the computer, but this translation may be accomplished on a digit by 
digit basis, and the reflected decimal codes are not involved. 

Two Forms of Voltage-Input Encoders That Employ Position 
Input Techniques. If the input signal is in the form of a voltage, any nf 
the position-input analog-to-digital converter schemes can be used by 
transforming the voltage signal to a position. The major items of equip 
ment needed for the transformation are shown in Fig. 11-5. A servo molin' 
is used to drive a shaft to which a position-input encoder is attached, 
The arm of a potentiometer is also connected mechanically to the nliufl 
of the servo motor. The output voltage from the potentiometer is com 
pared with the input voltage, and the difference signal is amplified The 
amplified difference signal is in turn used to actuate the servo motor, I bn 
direction of rotation being a function of the polarity of the diffcmicc, 
By this means, if the potentiometer is linear, the shaft position Im :it n 
linear relationship to the magnitude of the input voltage. Although I bin 
method of encoding a voltage is relatively simple in comparison willi 
many other voltage encoders that are used, it has obvious limitation* III 
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its range of application because of the limited speeds that can be ob¬ 
tained with the mechanically moving parts. Also, the very high accura¬ 
cies that are achievable with some forms of position-input encoders 
usually cannot be utilized in voltage-input applications because of 
practical limitations in potentiometer linearity and other factors. 

Another type of voltage-input encoder that employs many of the prin¬ 
ciples usually associated with position-input encoders is built around the 
cathode ray tube as the major element. The voltage to be encoded is 
applied to one set of deflection plates and a sweep voltage is applied to 
the other set. If these sets are the vertical and horizontal deflection 
plates, respectively, the vertical position of a straight-line trace on the 
tube face will be an approximately linear function of the amplitude of the 
input voltage. A mask is placed over the tube face, and this mask has 
transparent and opaque segments that are directly analogous to the 
segments that were described in some detail in connection with the posi¬ 
tion-input encoders. A photoelectric cell is used to sense the times when 
the light from the phosphor on the tube face is able to pass through the 
mask, and by comparing these times with the known times of the electron 
beam at successive horizontal positions, a digital representation of the 
input voltage can be obtained. The problems related to errors at sector 
boundaries appear in the same way as for other forms of position-input 
encoders. Also, in principle at least, the same solutions can be used. A 
reflected code can be generated by appropriate segment design. The 
analogy of the double-brush method is developed by superposing a small 
voltage on the input signal after the first digit has been sensed. For the 
analogy of the V-scan method the superposed voltages are correspond¬ 
ingly larger after each digit that is sensed, and the determination of the 
polarity of the superposed voltage is made after the sensing of each suc¬ 
cessive digit. 

The cathode ray tube encoder was one of the first forms of analog-to- 
digital conversion methods to appear, but the extent of its use has been 
extremely limited. Its major disadvantage is that it is difficult to achieve 
an accurate linear relationship between cathode ray beam deflection and 
input voltage over any appreciable amount of deflection distance. Also, 
the beam spot diameter is too great for a precise determination of posi¬ 
tion. Nevertheless, this conversion method appears to offer the highest 
speed capabilities of any method yet devised. 

The Operational Amplifier. The operational amplifier is a type of 
circuit that is basic in analog computers. Since many of the voltage- 
input analog-to-digital conversion methods make liberal use of the oper¬ 
ational amplifier, it will be discussed here briefly as a separate topic. 

An operational amplifier is in many respects an ordinary negative- 
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output d-c amplifier, with its “operational” characteristics derived from 
the applications in which it is used. In many instances feedback connec¬ 
tions are employed to cause the output voltage to bear some specific 
mathematical relationship to the input voltage. In these instances the 
amplifier might be viewed as performing a mathematical “operation.” 

The multiplication of an input voltage by a constant factor is an ele¬ 
mentary application of the operational amplifier, and the circuit em¬ 
ployed for this purpose is shown in Fig. 11-6(a). Although it is not 



Fig. 11-6. Some basic operational amplifier circuits. 


indicated in the figure, the polarity of the output potential with respect 
to ground is opposite to the polarity of the input potential. If it is an 
sumed that a zero input voltage produces a zero output voltage and tint! 
no input grid current is drawn from the input line, it may be shown tlm! 
the output voltage bears the following relationship to the input voltage 

E ° = Ei (1 - A)R a /R b + 1 

E 0 and E { are the output and input voltages, respectively, A is the gain 
of the amplifier, and R a and R b are resistances connected as indicated in 
the figure. If A is very much larger than unity, as it is in the intended 
applications, the equation can be simplified with little loss in accuracy hi 



E 
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The multiplication factor is therefore equal to the ratio of the resistance 
values. Observe that the nature of the circuit is such that the potential 
of the input terminal at the amplifier is held very close to ground poten¬ 
tial, but this potential must be slightly different from ground potential 
for the amplifier to function. A very large A is desirable for a precisely 
linear relationship between input and output voltages, and as A is in¬ 
creased the voltage (potential with respect to ground) at the amplifier 
input terminals decreases. 

Fig. 11-6 (b) shows the triangle symbol that is commonly used for the 
amplifier. The ground connections are usually not included in the symbol. 

For adding two or more voltages the circuit in Fig. ll-6(c) may be 
used. Each input voltage, E ly E 2 , E s , etc., to be added is applied through 
a separate resistor, R\ } R 2 , Rn, etc., to the input terminal of the amplifier. 
If A is very large, the output voltage is equal to 



to a close approximation. From this equation it may be observed that if 
all of the resistance values are equal, the output voltage is equal to the 
negative sum of the input voltages. When the input voltages do not all 
have the same polarity, the circuit performs a voltage subtraction. 

By using nonequal resistance values in the circuit of Fig. 11-6 (c), cer¬ 
tain other useful functions can be performed. In particular, a digital-to- 
analog converter can be obtained. For this purpose, each of the input 
voltages corresponds to one of the binary digits in the coded representa¬ 
tion of the number (where the code may be in a binary form or in any 
of the “weighted” decimal codes such as the 8-4-2-1 or the 5-2-1-1 code). 
Each input voltage is caused to be either some specified voltage, E x , or 
zero according as the corresponding binary digit is 1 or 0, respectively. 
The values of the several input resistances are chosen so that each al¬ 
lows an amount of current flow that is proportional to the weight or 


significance of its respective binary digit. 

The arrangement in Fig. 11-6 (d) can be used as a voltage comparator. 
An unknown voltage, E U1 is compared with a reference voltage, E r . Al¬ 
though it is not indicated in the figure, these voltages should be of oppo¬ 
site polarity. The amplified output signal is positive or negative in ac¬ 
cordance with the sign of the difference in the magnitudes of the two 
input voltages. The diode feedback circuits are for the purpose of pre¬ 
venting amplifier overload when the two input voltage amplitudes differ 
by a large amount. Note that in the absence of a large positive voltage 
at the output, both of the diodes are connected in the reverse or high- 


resistance direction. When, for example, a large positive potential is ap- 
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plied at the input terminal of the amplifier, the negative potential that 
results on the output line causes diode D\ to appear in the forward direc¬ 
tion and tend to restore the input potential to zero. Because of the nature 
of the amplifier arrangement, the feedback action cannot carry the input 
potential to a negative value. With the assumption of zero forward re¬ 
sistance in the diodes it may be observed that the effect of the feedback 
circuit is to limit the magnitude of the output potential swing to values 
set by the voltage divider resistors in the output circuit. 

In analog computer applications the circuit in Fig. ll-6(e) is of funda¬ 
mental importance as an integrator, but in the various analog-to-digital 
converter applications in which it is found its function is that of a 
“ramp” voltage generator. In oscilloscope applications, the terms “saw¬ 
tooth generator and “linear sweep” generator have the same meaning. 
With E H held at some constant value of potential, a current of Ei/R will 
flow through R to the input terminal of the amplifier because the feed¬ 
back circuit will hold the potential at this terminal very close to ground 
potential. However, to hold this potential at ground, a current of the 
same magnitude must flow through the capacitor C. Since the voltage 
across a capacitor is equal to the integral of ( I/C)dt , where I is the 
current and t is time, the output voltage is equal to the integral of 
(Ei/RC) dt. The parameters E *, R , and C are all constants, and therefore 
the output voltage (potential with respect to ground) increases linearly 
with time. Of course, the output voltage cannot be allowed to increase 
indefinitely, and in encoder applications the circuit is periodically reset 
to some initial conditions, usually by applying a pulse of current from 
another source to the input terminal of the amplifier. j 

The design of the amplifier used in operational amplifier applications 
is an extensive subject in itself. Because of the need for excellent per¬ 
formance of d-c amplifiers in analog computers and in other applications, 
the design techniques for d-c amplifiers has been carried to a reasonably 
high degree of perfection. Often, each amplifier employs several tubes 
and a correspondingly large number of other components. However, since 
amplifier design techniques are not related to digital concepts and since 
these techniques have been described in other textbooks, a discussion ol 
the design details will not be included here. It will only be mentioned 
that to obtain the performance usually required for accurate analog- 
digital conversion, it is generally found necessary to employ chopper 
stabilization. Chopper stabilization is for the purpose of maintaining the 
balance” potential of the input at zero, and this purpose is accomplished 
by converting the d-c input potential at the amplifier terminal to an 
a-c voltage through the action of an electrical contact that is opened and 
closed at a repetition rate of several times per second. This a-c signal can 
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be used as the signal to be amplified and then rectified to produce the 
output signal, but higher-frequency response in the operational amplifier 
can be obtained if separate d-c and a-c amplifiers are used with the 
rectified a-c signal being used to adjust the zero setting of the d-c am¬ 
plifier in the manner of an electronic servomechanism. 

Ramp-Type Voltage-Input Encoders. One of the more important 
electronic methods of converting a voltage-input signal from analog to 
digital representation employs a linear ramp voltage that is compared 
with a reference voltage (usually zero) and the input voltage. The time 



Fig. 11-7. Block diagram of ramp-type voltage-input encoder. 


interval between the two comparison signals is timed through the use of 
a counter which is supplied with clock pulses having an accurately con¬ 
trolled frequency. Several variations of the basic idea have appeared, but 
the block diagram of Fig. 11-7 illustrates the general principles common 
to all. 

The ramp generator in Fig. 11-7 may consist of any one of several 
different circuits, the circuit of Fig. 11-6 (e) being one of the more widely 
used types. A reset pulse is applied to this circuit in a manner that causes 
the output voltage to assume some small negative value initially. This 
same reset pulse is applied to the counter to reset it to zero. As the out¬ 
put voltage from the ramp generator changes in the positive-going direc- 
tion, the time at which it becomes zero is sensed by a comparator circuit, 
possibly of the type shown in Fig. Il-0(d). The suddenly changing out- 
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put potential of the comparator is used to generate a pulse that is sent 
to the start side of a flip-flop. The output signal from the flip-flop in 
turn opens a gate which allows clock pulses to pass to the counter. As 
the output from the ramp generator continues to become more positive, 
it eventually becomes equal in potential to the potential of the analog 
input signal. This condition of equality is sensed by a second comparator, 
which generates a pulse that is sent to the stop side of the flip-flop, so 
that the counting of pulses is terminated at this time. Because of the 
linear nature of the ramp voltage, the time between the start and stop 
pulses is a linear function of the analog input voltage (potential with 
respect to ground), and the counter therefore contains a digital represen¬ 
tation of the voltage. The counter can, of course, be either of a binary 
or of a decimal type. After the conversion process the number in the 
counter can be transferred to a computer or to any other destination de¬ 
sired, and the encoder may then repeat the process. 

For a given accuracy with this method of encoding it is necessary that 
the frequency of the clock pulses be appropriately greater than the repe¬ 
tition rate for conversions. For example, with 10-megacycle clock pulses 
and an intended accuracy of 0.1% the maximum possible frequency of 
conversion would be 10,000 conversions per second. This limitation is 
sometimes cited as a disadvantage of this method of conversion in com¬ 
parison with the method discussed in the next section. On the other hand, 
the achievable conversion rates are quite adequate for many purposes, 
and it is possible to obtain good accuracy with relatively few precision 
components. 

The ramp-type principle has been adopted in numerous experimental 
models of analog-to-digital converters, and in at least one instance the 
principle has been employed commercially. The “Millisadic” equipment 
as manufactured by the Consolidated Electrodynamics Corporation in 
eludes an encoder of this category. It uses 2.5-megacycle pulses and 
operates at a rate of 1500 conversions per second with a claimed aeon 
racy of 0.1%. 

Feedback Encoders. The other electronic voltage-input analog-!n- 
digital conversion method of major importance uses a digital-to-analog 
converter in an information feedback arrangement. The general scheme 
is outlined in block diagram form in Fig. ll-8(a). The number in Hu- 
digital register is converted to an analog voltage by a circuit which may 
be of the type shown in Fig. 11-6(c). This analog voltage is compared 
with the input analog voltage to be encoded, and again the compand oi 
may be of the type shown in Fig. 11-6(d). The output of the comparator 
is shown as being applied to a block labeled “binary decision.” The pm 
pose of the circuit, which may be a flip-flop, in this block is to cause the 
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signal from the comparator to be a binary signal that is a definite indi¬ 
cation of a 1 or a 0. A binary signal is needed because it is to be used 
to adjust the number in the digital register to provide a more accurate 
representation of the analog voltage. An alternative method of producing 
a binary output signal from the comparator is to install a small amount 




(b) 

Fig. 11-8. Feedback voltage-input encoders. 


of positive feedback in the amplifier of this unit so that a zero or small 
output voltage is an unstable condition. 

The sequence of operation is as follows. The number in the digital 
register is initially reset to zero by means of the control circuits. The 
control circuits then cause the several flip-flops in the digital register to 
be set to 1 (turned on) one at a time, the sequence being from the high- 
order digits to the low-order digits. At each step in the operation the re¬ 
sulting digital number is converted to an analog voltage and compared 
with the input voltage. If the input voltage is larger than (or equal to) 
the converted voltage, the flip-flop is left at 1. However, if the input volt- 
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age is less, the flip-flop is reset to 0. This process causes the digital rep¬ 
resentation of the analog voltage to be assembled in a manner which is 
sometimes compared with the process of weighing on an equal-arm bal¬ 
ance. The weights are placed on the pan one at a time, the heavier 
weights being placed first. If a weight is found to be too heavy, it is re¬ 
moved, but if it does not cause the sum of the weights on the pan at the 
time to equal the weight of the object being weighed, the weight is al¬ 
lowed to remain. The total weight is obtained by summing the weights 
at the end of the process. 

At the conclusion of the conversion operation the digital representa¬ 
tion of the analog voltage is stored in the register, and it may be trans¬ 
mitted from this register in parallel form to any other piece of equip¬ 
ment, e.g., a magnetic tape unit or a computer. It also happens that the 
output from the binary decision device, which is sent to the control cir¬ 
cuits for controlling the resetting of the flip-flops, is a serial presentation, 
high order first, of the digital number resulting from the conversion. 

The conversion method is adaptable to either the binary or the decimal 
system of numbers, the only distinction in the circuits being in the resist¬ 
ance values in the digital-to-analog converter. Of course if the decimal 
system is used, the code must be one of the weighted codes such as the* 
8-4-2-1 or the 5-2-1-1, and for a given accuracy of representation a few 

more binary digits are required in the decimal system than in the binary 
system. 

An interesting and useful characteristic of the conversion method oul - 
lined in Fig. 11-8 (a) is that problems corresponding to the sector bound 
ary problems of position-input encoders do not arise. For example, if an 
input voltage signal has a binary digital representation of 11100000, a 
slight inaccuracy in the determination of the third 1 may cause this digit 
to be a 0, but in this event, all succeeding (lower order) digits will Him 
be sensed as 1 s to yield 11011111, which is the next smaller binary 
number. Also, if the magnitude of the input voltage changes during 11m 
conversion process, no important difficulty arises. As may be determined 
by a detailed study of specific cases, the digital representation will in 
some cases represent the value of the analog input voltage at the id.u i 
of the conversion and in other cases it will represent the analog input a I 
some point in time after the start but before the completion of I lie eon 
version, but it will not be a completely erroneous number in any cum* 

The encoding arrangement in Fig. ll-8(a) is, from the standpoint of 
commercial usage, the fastest conversion method to have been developed 
The steps required for a conversion arc far fewer than when counting h 
involved. The number of steps is equal to the number of digits in the 
conversion. It has been possible to design converters that function m! ilm 
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rate of 500,000 steps per second. Epsco, Inc., has produced standard con¬ 
verter units that function as generally outlined in Fig. 11-8(a) where 
the conversion rate was 44,444 complete conversions per second with 
each digital number containing 11 binary digits, including the sign. Units 
operating at speed up to 200,000 conversions per second have been of¬ 
fered on special order. The J. B. Rea Company also makes high-speed 
analog-to-digital converters of this general category. 

A variation in the feedback encoding scheme is shown in Fig. ll-8(b). 
With this arrangement the digital register is made in the form of a 
counter that is capable of counting “up”’ or “down”; in other words, an 
input pulse can cause the number in the counter to be increased or de¬ 
creased by 1. The output signal from the comparator causes the continu¬ 
ous series of pulses (which need not be of accurately controlled frequency 
in this case) to be applied to the “count down” or the “count up” input 
line to the counter according as the converted voltage is greater or less, 
respectively, than the analog voltage to be converted. Unless the ampli¬ 
tude of the analog input voltage varies rapidly, the number in the 
counter is maintained at the digital representation of the analog input 
voltage. With rapidly varying input voltages the number in the counter 
may be in error for a short period of time after a sudden change in input 
voltage. This difficulty could be avoided to some extent by incorporating 
circuits that make a rough determination of the magnitude of the differ¬ 
ence between the feedback voltage and input voltage and cause the 
counter to step in large increments when this difference is great. Another 
difficulty with the arrangement is that during the time that a carry or 
borrow is being transmitted from one stage to the next in the counter, 
an incorrect indication of the converted digital value is being produced. 
A solution to this difficulty is to provide circuits that will cause the dig¬ 
ital output to be used only during periods between the termination of 

the carry and borrow signals and the application of the succeeding input 
pulse to the counter. 

Both the ramp-type and the feedback encoding methods require the 
use of an accurate voltage reference source. In the case of the ramp-type 
encoder the purpose is to control the slope of the ramp, and in the case 
of the feedback encoder the purpose is to generate an accurate analog 
voltage from the digital representation. 

Other Encoding Methods and Circuits. A considerable number of 
other methods for analog-to-digital conversion have appeared from time ' 
to time, and the development of some of them has been carried at least 
to the engineering model stage. One of these other ideas employs a fre¬ 
quency modulation principle. The frequency of an oscillator is varied 
according to the amplitude of the input analog voltage to be converted. 
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The digital representation is then obtained by counting the number of 
cycles of oscillation in a fixed period of time. One type of oscillator that 
has a frequency which bears a reasonably accurate linear relationship 
to the input voltage utilizes the ramp generator circuit of Fig. 11-6 (e). 
Because of the nature of the circuit, the slope of the ramp is a linear 
function of the input voltage, so that if the circuit is caused to reset when 
the output voltage becomes equal to the input voltage, the effect is that 
of an oscillator with a frequency that is a linear function of the input 
voltage. In one experimental version of this type of converter the prob¬ 
lem of resetting time was avoided by using two ramp generators that 
functioned alternately, that is, one was reset during the time that the 
other generated the ramp voltage. 



To 
£/?+1 
Stage 


Fig. 11-9. One stage of a multi-stage successive-comparison encoder. 


Another conversion method is somewhat similar to the arrangement in 
Fig. 11-8 (a) in the mathematics of the conversion, but is very different 
in its mechanism of operation. A separate comparator and subtractor 
are used for each binary digit to be generated in the digital represent u 
tion. The arrangement for one digit of conversion is shown in Fig. 11 9 
The analog input voltage, E a , to be converted is compared with a refer 
ence voltage, E r , which is equal to % the intended full-scale value of , 
If E a is equal to or greater than E r , the first or most significant digit- in 
the binary representation is 1; if E a is less than E r , the digit is 0. There 
fore, the output signal from the binary decision device is used to repre¬ 
sent the first digit, and also, this output signal is used to cause a volt age 
of E r or zero (according as the digit is a 1 or a 0, respectively) to be 
supplied to one input line of a subtractor where the corresponding volt¬ 
age is subtracted from the analog input voltage. The output voltage from 
the subtractor is multiplied by 2, and the output from the voltage doubler 
is used as the input voltage for the next stage of conversion with tin 
circuit in the next and succeeding stages being the same ns for t he (i r«l 
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stage. That this procedure provides an analog-to-digital conversion can 
be understood somewhat more clearly by studying the response of the 
circuit to typical input voltages. Assume for example, that E a is 65 volts 
and that the intended full-scale response of the circuit is 100 volts so that 
E r is 50 volts. The first few digits in the converted binary number are 
obtained as a result of the following voltages which appear at the indi¬ 
cated points in the circuit. At each stage the binary digit is determined 

according to the comparison of the input voltage at that stage with 50 
volts. 


n 

Input Voltage 
to Stage 

D n 

Difference 

Voltage 

Output Voltage 
to Next Stage 

1 

65 

1 

15 

30 

2 

30 

0 

30 

60 

3 

60 

1 

10 

20 

4 

20 

0 

20 

40 

5 

40 

0 

40 

80 

6 

80 

1 

30 

60 


The comparator, subtractor, and doubler circuits in Fig. 11-9 may be 
of the type shown in Fig. 11-6 (d), (c), and (b), respectively. If circuits 
of this type are used, E a and E r should be of opposite polarity. The sub¬ 
tractor and doubler circuits can be combined into one circuit by using an 
appropriate value of feedback resistance in the subtractor. 

The arrangement in Fig.. 11-9 has the potential advantage of being 
quite fast in its operation; but because of the sequential nature of the 
digit determinations, the digital output will not be correct during the 
time that the value of the input voltage is changing. Therefore, to use 
this encoding method it would be necessary to incorporate means to pre¬ 
vent the utilization of the output number while any one or more of the 
output digits is changing. Alternatively, it might be possible to hold the 
input voltage at a fixed value during the time required for a conversion. 

The various electronic voltage-input conversion methods have been de¬ 
scribed here in terms of operational amplifiers. Actually, many other 
types of circuits have been investigated and used with varying degrees 
of success. For instance, the generation of a linear ramp voltage has been 
the object of very much attention for use as a beam sweep circuit in 
cathode ray oscilloscopes. The phantastron, a well-known circuit in the 
realm of pulse techniques, is a commonly suggested circuit for this pur¬ 
pose, but it has apparently not been possible to obtain the degree of 
linearity and stability with the phantastron that is achievable with the 
chopper-stabilized d-c amplifier with negative feedback. Of course, when 
accuracy requirements arc not stringent and cost is important, the phan¬ 
tastron or other circuits may be adequate. 
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The multiar and the bridge modulator are alternative circuits for the 
comparator. The multiar is a circuit employing a diode with an unknown 
voltage and a ramp voltage applied at opposite terminals so that the 
diode is in the high resistance direction until the voltages are equal. At 
this time the diode starts to conduct, and the current, which is passed 
through a resistor, generates a voltage which is amplified by a blocking 
oscillator or some similar circuit having positive feedback. The blocking 
oscillator generates a pulse at the time equality is sensed. 

With the bridge modulator, the two voltages to be compared are of 
opposite polarity and the difference voltage is used to modulate a high- 
frequency carrier signal. The phase of the modulated carrier is a function 
of the polarity of the difference (a 180° phase shift occurs at zero modu¬ 
lation voltage) so that by amplifying the modulated carrier and detect¬ 
ing its phase the relative amplitude of the two input voltages can be de¬ 
termined. 

In one variation of the phase-modulation method the two signals to be 
compared are each converted to high-frequency signals of the same fre¬ 
quency and phase. The amplitude of the two high-frequency signals is 
compared by applying the signals to separate input windings of a trans¬ 
former, the polarity of the connection being such that the two signals 
induce voltages of opposite polarity (phase) in the output winding. The 
output signal can then be amplified and phase-sensed to determine the 
relative amplitude of the input signals. 

Voltage-Output Digital-to-Analog Conversion Methods. One dig- 
ital-to-analog conversion (“decoding”) method has already been pre¬ 
sented in connection with a discussion of applications of the operational 
amplifier. There is at least one other method by which the operational 
amplifier can be used for decoding. It employs the multiplication circuit 
in Fig. ll-6(b). Resistor R b is replaced by a set of resistors connected in 
series where each resistor in the set corresponds to one binary digit in 
the number to be decoded. The resistance value of each resistor is pro¬ 
portional to the weight of corresponding digit. A contact is connected in 
parallel with each resistor in the set, and the contact corresponding to a 
given binary digit is opened or closed according as the digit is a I or a 
0, respectively. Input voltage E t and resistance R a are chosen in relation¬ 
ship to the total series resistance in the set replacing R b so that when all 
contacts are open, the output voltage is equal to the desired full-Hcnli¬ 
vable corresponding to the number 1111 • • •. When all contacts are cloned 
the resistance in the R b position is zero. Therefore, the multiplication 
factor is zero, and the output voltage is zero as desired for the number 
0000* •*. For other numbers the opened contacts cause resistances to be 
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inserted in the R b position in a manner that produces a multiplication 
factor proportional to the value of the number being decoded. 

It is also possible to use the ramp generator of Fig. ll-6(e) in a de¬ 
coding scheme that is the inverse of the ramp-type encoder. The digital 
number to be decoded is entered into a counter, and pulses are applied 
to the counter to cause it to return to zero. During the time that the 
counter is operating, a constant input voltage is applied to the ramp gen¬ 
erator. When the counter reaches zero, the input voltage to the ramp 
generator is removed. If the counting starts at the time the operational 
amplifier output voltage is zero, the output voltage at the termination 



Fig. 11-10. Resistance-switching decoder circuits. 


of the process will be an analog representation of the original digital 
number in the counter. 

Numerous other types of voltage-output decoders have been devised. 
Most of the practical ones Involve methods of interconnecting resistors 
in a voltage divider network of some sort. Three of these methods will 
be explained in this section. 

The circuit in Fig. 11-10 (a) is probably the simplest of all decoding 
methods. An amount of current proportional to the sum of the weights 
of the binary digits equal to 1 (binary or weighted decimal notation) is 
passed through a summing resistor R r . The analog output voltage, E a , 
across R r is then proportional to the value of the digital number. For 
high accuracy in the decoding process an elementary circuit analysis will 
show that the resistance of R , must be small in comparison with the 
other resistances in the circuit, and therefore the full-scale value of the 
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* 


output voltage is generally limited to less than 1 volt. If the output volt¬ 
age is amplified, the decoding method becomes substantially the same 
as described previously in connection with Fig. ll-6(c), but in some ap¬ 
plications such as in the feedback encoder the destination of the analog 
signal is a comparator in which a large voltage amplitude is not required. 
In instances where the comparator is of the type shown in Fig. 11-6 (d) 
the decoder might be viewed more as a current-output device than as a 
voltage output device. Also, some forms of bridge modulator comparators 
do not require large-amplitude voltage input signals. 

\\ hen a voltage output of large amplitude is required, the circuit in Fig. 
11-10 (b) may be used. Single-pole, double-throw switches are used, and 
each resistor that is not supplying current from the reference voltage E r 
is connected to ground. Resistance ratios for the binary number system 
are shown in the figure. The circuit may be analyzed in the following 
manner. The current, 7, flowing from the E r terminal to ground is 7 — 

E r /R = E r / ( R a + R b ) where R is the total resistance between the E r 
terminal and ground, R a is the resistance between the E r terminal and 
the output terminal, and R b is the resistance between the output terminal 
and ground. This current may also be expressed as 

T _ 7/7 G a G b 

r G a + G b 

where G a and G b are conductances with G a = 1/R a and G b = 1/R b . The 

output voltage, E a , is equal to IR b = I/G b . If 7 from the above equation 
is substituted, it is found that 




It may now be observed that G a + G b = 1/72 + 2/R + 4/72 + • • • or in 
other words is equal to the sum of the conductances of all of the resistors 
regardless of the values of the corresponding digits being decoded. This 
quantity is a constant. However, G a is the sum of the conductances <>! 
those resistors connected to E r . The result is that E a is proportional to 
this sum of conductances. 

The above analysis shows that by making the conductances (and not 
the resistances) proportional to the weights of the binary digits being 
decoded, the output voltage will be proportional to the value of ( he dig 
ital number. Also, it shows that the output voltage varies from zrrn (n 
E r as the digital number varies from 0000* • • to 1111 •••. The circuit l« 
adaptable to decimal notation in a straightforward manner if one of (he 
weighted decimal codes is employed. « 

Another purpose of the analysis is that the effect of a constant load 
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resistance connected to the output line can be more clearly indicated. 
This resistance is R L in Fig. ll-10(b). A conductance of G L = 1/Rl is 
added to G b and therefore to G a + G b . From the equations that were 
presented it can be observed that the only effect of R L is to cause the 
denominator to be G a 4- G b + Gl . The output voltage is still a linear 
function of the digital number, but the scale factor has been reduced so 



(a) 


Fig. 11-11. Potentiometer-type decoder circuits that draw constant current from 

the reference potential source. 

that the maximum output voltage is equal to E r G a /(G a + G l ) where 
G a in this expression is with all of the digit resistors connected to E r . 

A disadvantage of the circuit in Fig. 11-10(b) is that the current 
drawn from the reference voltage source is not a constant but is a func¬ 
tion of the combination of l’s and 0’s being decoded. It is possible to de¬ 
sign a potentiometer-type circuit that avoids this disadvantage. A certain 
decimal version of such a circuit is commonly called a Thomson-Varley 
potentiometer, and this circuit is shown in Fig. 11-11 (a). The contact 
positions indicated in the figure are for decoding the decimal number 371. 
A binary version of such a circuit is shown in Fig. 11-11 (b) with the 
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contact positions corresponding to the binary number 1011. In the binary 

version the net resistance to the right of any given contact pair is equal 
to 2R ohms. 

Another type of voltage divider which has been used and which places a 
constant load on the voltage reference source is shown in Fig. 11-12. The 
principles of the divider are illustrated in Fig. 11-12 (a) with a two-digit 
decimal number in the 8-4-2-1 code as an example. For each binary digit 
m the code there is a resistor with a resistance proportional to the weight 



Fig. 11-12. Switching arrangements for voltage-divider encoders. 


of the digit. The resistor is connected above or below the line to the out 
put terminal according as the corresponding digit is 0 or 1, respectively 
In the example shown, the decimal number 49 is being decoded, mid if 
may be observed that there is a total of 49 ohms in the bottom part n! 
the divider. The total series resistance in the divider is a constant. 

The circuits needed to switch the resistors from one part of (he di\ ider 
to the other while consuming a minimum number of contact points pm 
vides an interesting little puzzle in itself. A circuit requiring three dim 
ble-throw contacts per resistor is shown in Fig. 11-12(1)1, In at least one 
instance it was deemed advisable to use fewer contacts even thoui.li 
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each resistor was duplicated. A circuit of this type employing two single¬ 
throw contacts per digit is given in Fig. ll-12(c). 

When attempting to replace the mechanical contacts in the resistor 
switching arrangements in Figs. 11-10, 11-11, and 11-12 with electronic 
components, it is found that only the circuit in Fig. 11-10 is adaptable 
in a straightforward way. With this circuit each resistor may be con¬ 
nected to the output terminal of a cathode follower. The output voltage 
swing of each cathode follower is limited to ground and E r by means of 
clamping diodes. 



Digital Input 


Fig. 11-13. Position-output decoding method employing feedback from an 

encoder. 

Position-Output Digital-to-Analog Conversion Methods. As with 
most of the other functions and operations that have been discussed, 
there are many different ways by which a digital number can be con¬ 
verted to an analog position. However, except for certain special appli¬ 
cations in which a position-stepping process or a process such as counting 
the lines on a piece of graph paper can be employed, the position-output 
decoders generally involve a feedback system of one of two types. 

(1) One type of feedback system for digital position control is sub¬ 
stantially the same as the arrangement illustrated in Fig. 11-5 except 
that the position-input encoder is omitted. The servo motor turns a shaft 
which positions the arm on a linear potentiometer. The voltage from the 
potentiometer is compared with the analog input voltage, which is devel¬ 
oped from a digital number by one of the means described in the pre¬ 
ceding section. The difference voltage is amplified and used to control 
the motion of the servo motor in a manner which causes the two volt¬ 
ages to become equal, 
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(2) The other major type of feedback system is illustrated in Fig. 
11-13. No potentiometer is used. Instead, the mechanical position is en¬ 
coded by any of the schemes described earlier in the chapter, and the 
resulting digital number is compared with the digital number to be posi¬ 
tion-encoded. The comparison is accomplished by a digital subtraction 
circuit which may comprise components of the type described in the 
chapters on systems of circuit logic. The digital difference is converted 
to an analog signal by means of one the voltage-output decoder circuits. 
The analog difference signal is then amplified and used to control the 
motion of the servo motor in such a manner that the output from the 

position-input encoder becomes equal to the digital number being de¬ 
coded. 

In some applications the arrangement in Fig. 11-13 can be simplified 
through eliminating the digital-to-analog converter and the amplifier 
with the “plus-minus-or-zero” signal from the subtracter being sufficient 
to produce the desired response of the servo motor. In other applications 
a considerably more elaborate control system is desirable. For example, 
the positioning device may be operated through the use of two servo 
motors, one providing a coarse adjustment and the other providing a fine 
adjustment of position. There may be a gear train between the two 
mechanisms. With separate coarse and fine controlling devices, the high- 
order digits from the position-input encoder can be compared with the 
high-order digits in the number to be decoded. This difference signal would 
be used for the coarse adjustment. The low-order digits are similarly com¬ 
pared in a second subtracter to develop the signal for the fine adjust¬ 
ment. Circuits can be included to render the fine-adjustment mechanism 

inoperative during any period of time that a coarse adjustment is being 
made. 
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A-c logical circuits, 111-121, 123-125, 
140-149, 405-406 

Access to storage, discussion, 263-264, 
314 

magnetic core matrix switches, 381- 
392 

magnetic drums, 339-341 
magnetic tape, 347 
random, 33, 347-349, 454-455 
Adder, binary, 169-171, 434-435 

Address selection, magnetic cores, 381- 
392 

Air-spaced magnetic heads, 349 
Alphabetic information, 33 
Amperex Electronic Corp., 425 

Amplifier, current, 136-137, 152-153, 
157-159 
magnetic, 245 
operational, 483-487 
pulse, 106-108, 111-114, 121-125, 137- 
140, 144-149, 172-178 
Analog-to-digital converters, 461-494 
bridge modulator comparator, 494 
cathode ray tube, 483 
coded segment, 467-482 
converting position-input to voltage- 
input, 482-483 
decimal, 478-482, 488, 490 
double brush, 471-473, 480 
feedback (weighing), 463, 488-490 
frequency modulation, 491-492 
geared, 477-478, 480-481 
multiar comparator, 494 
multistage successive-comparison, 
492-494 

operational amplifier for use in, 483- 
487 

position-input, 461-483 
ramp-typo, 463, 487-488, 403 


Analog-to-digital converters ( cont .) 
reflected codes, 467-471, 478-480 
step-counting, 464-466 
voltage-input, 461-464, 482-494 
V-scan, 473-477 
AND function, 13, 37, 64 
Anticoincident current magnetic core 
matrix switches, 387-390 
Arithmetic circuits, 8, 34-35 
Asynchronous operation, 96, 110 

Backplate-modulation storage, 272 
Baldwin Piano Company (Electronics 
Division), 462 

Barium titanate, 296, 301, 437 
Barrier-grid storage tube, 6, 265, 271- 
275 

Beckman Instruments, Inc., 259 
Bell Telephone Laboratories, 144, 204 
Belts, magnetic, 350 
Bernoulli's principle, 349 
Binary notation, 12 
Blocking oscillator, 121-123 
Bobbins, for magnetic cores, 187, 249-, 
250 

Boole, George, 13 
Boolean algebra, 12-16 
examples of use of, 171, 183, 401-407, 
Branch instruction, 30 

Burroughs Corporation, 32, 122, 209, 
422 

Cambridge University, 6 
Capacitor, counter, 409-411 
storage, 297-301 

Cathode follower, 76, 85-86, 96-98 
Cathode ray tubes, analog-to-digital 
convertor, 483 
decimal counter, 422-425 
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Cathode ray tubes ( cont .) 
electrostatic storage, 6-7, 264-282 
high-speed printer, 455 
logical components, 438-440 
Character sensing, 12, 453 
Charactron, 455 

Chatham Electronics Corp., 419 
Chemical components, 440-441 
Codes, for analog-to-digital converters, 
467-471, 478-480 
for counters, 399-407 
Coercive force, 189 

Coincident current selection, magnetic 
core matrix switches, 387-390 
storage cores, 23, 356 
Coleman Engineering Company, Inc., 
481 

Consolidated Electrodynamics Corp., 
488 

Control circuits, 8 

Core-transistor circuits, 232-239, 407- 
409 

Correlation magnetic recording method, 
331-332 

“Count-down” ratio, 269 
Counter, binary, 93, 110, 119, 177 
capacitor, 409-411 
decimal, 397-427 

decimal formed with binary ele¬ 
ments, 399-409 
gas-tube, 411-419 
Geiger-Miiller, 4 

ring, 78-79, 89, 398, 447-448, 450-451 
shifting, 405-407 

vacuum tube, 411, 419-425 
Cryotrons, 428-437 
Current switching circuits, 178-184 
Cycle patterns, core storage arrays, 
376-380 

Cypak circuits, 252 

Decimal counters, 397-427 
Decision Elements, 245 
Decoders, 494 
Delay, 13, 83, 122 

Delay lines, as a limiting factor in 
magnetic core storage, 381 
distributed constant, for storage, 
295-296 

ferroelectric, 297 

for a-c logical circuits, 116-117 


Delay lines (cont.) 
for storage, 6, 282-286 
lumped constant, for storage, 295- 
296 

magnetic core simulated, 297 
magnetic drum simulated, 297 
magnetostrictive, 282-294 
mercury, 286-289 
quartz, 289-292 
Delay unit, 101-106 
Digital computer, general purpose or¬ 
ganization, 26-34 
Digital differential analyzer, 32 
Digital-to-analog converters, 485, 494- 
500 

operational amplifier type, 485 
position-output, 499-500 
resistance-switching (voltage-out¬ 
put), 494-499 
Diodes, gas, 37, 60-62 
matrices, 56-60 
recovery time, 56 
semiconductor, 37, 56 

switching (logical) circuits, 9, 36-63 
vacuum, 37 

Direct-coupled (d-c) circuits, 89-99, 

Discs, magnetic, 348-349 
Distributed-constant delay lines, 110- 
117, 295-296 

“Disturbed” states in magnetic core*, 

Dot notation, 191-192 
Double-brush analog-to-digital con¬ 
verter, 471-473, 480 
Double-pulse magnetic recording 
method, 332-335 

Drums, magnetic, 6, 297, 317, 330-312 

Eccles-Jordan trigger, 3 B 

EDSAC computer, 6 

EDVAC computer, 328 B 

Elecom computers, 121 B 

Electrostatic storage, 6-7, 264-282 B 

barrier-grid tube, 6, 205, 271-275 ^ 

holding-gun tube, 6, 265, 275-270 
Selectron, 6-7, 265, 270-282 
Williams tube, 6-7, 265-271 /H 

“End loop” voltages, 358, 308 
Emitter follower circuit, 157-150 ^B 

Encoders, 401 
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ENIAC computer, 4-5, 263 

Epsco, Inc., 491 

Ericsson, L. M., Company (Sweden), 
422 

Ericsson Telephones, Ltd., 417 

Errors, 16-26 

External selection, magnetic core stor¬ 
age, 390-392 

Feedback, for zero stabilization of 
operational amplifiers, 486-487 
in analog-to-digital converters, 463, 
482, 488-491 

in bistable point-contact transistor 
circuits, 133-134 
in blocking oscillators, 122 
in core-transistor circuits, 233-234 
in delay line storage, 282-286 
in digital-to-analog converters, 499- 
500 

in flip-flops, 71, 96-97, 149, 161-163, 
168, 184, 207, 243, 433 
in pulse recirculating binary storage 
circuits, 103, 118, 136, 143 
in pulse amplifiers, 102, 124, 138, 
145-149 

to maintain equilibrium in a counter 
tube, 474 

to produce the operations in opera¬ 
tional amplifiers, 484-486 
Ferractor, 249 
Ferristor, 259 

Ferroelectric components, delay line, 
296-297 

logical circuits, 437-438 
storage, 301-305 
Ferro resonant circuits, 254-259 
Fisher and Porter Company, 468 
Flip-flop, 3 

cold-cathode gas diode, 446-447 
complementing, 73-77, 91-93, 118, 
162, 174, 177, 207-208 
cryotron, 432-434 
ferroresonant, 256-257 
for storage, 263 

junction transistor, 160-163, 168, 
174, 177, 183-184 
magnetic core, 207-208, 243-244 
point-contact transistor, 140 
use in deoimal counters, 307-405 


Flip-flop (cont.) 

vacuum tube, 71-77, 86-88, 91-93, 
96-99 

Flux logic, 252-254 
Forrester, J. W., 7 

Four-dimensional core storage, 368-370 
Frequency doubling magnetic recording 
method, 335-336 

Gas-tube components, decimal count¬ 
ers, 411-419 

diodes in logical circuits, 37, 60-62, 
448-449 

diodes in storage circuits, 445-448 
thyratrons, 3-4, 449-451 
Gate circuit, diode, 55-56 
pentode, 106-110 
system of circuit logic, 99-101 
transistor, 172-178 
use in decimal counters, 400-405 
Gated feedback amplifiers, 148 
Gated pulse amplifier, 106-108, 172-178 
Gurley, W. and L. E., Company, 462 

Harvard University, 7, 320 
Haynes, M. K., 10 
Head, magnetic, 341-320 
air-spaced, 349 

Holding-gun storage tube, 6, 265, 275- 
279 

Hole storage in transistors, 133, 151- 
152 

Hughes Aircraft Corp. (Hughes Re¬ 
search and Development Corp.), 
320, 455 

Hysteresis loop, 188-190, 302, 305, 354- 
355, 374-376, 442 

IAS computer, 96 
ILLIAC computer, 96 
Inhibiting circuits, magnetic core, 198- 
200, 206, 225-226, 238, 243 
transistor, 143 
vacuum tube, 115-116 
Input-output, 10-12, 451-456 
Instruction, 27 
Interface layer, 8 

International Business Machines Corp. 
(IBM), 184, 275, 348-349, 411 
type 101 electronic statistical ma¬ 
chine, 415 
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International Business Machines Corp. 
( cont .) 

type 604 computer, 32, 77, 263 

type 650 computer, 88, 299, 338 

type 701, 704, and NORC computers, 
106 

type 702 and 705 computers, 101 
Inverter circuits, 14, 115 
inverter switch, 70-71 
magnetic core, 220, 247, 252 

transistor, 136, 143, 153-157, 168 
181 

vacuum tube, 66-69, 115-116 

Jump instruction, 30-31 

Kerr cell, 441 

Latch circuit, 88 
Lenz’s law, 196 
“Levels” of switching, 39 
Librascope, Inc., 245 
Light beam components, 440-441 
Logical circuits, 13, 36, 65 
cathode ray tube, 438-440 
cryotron, 432-437 
diode, 36-63 
ferroelectric, 437-438 
magnetic core, 187-262 

push-pull, 216-221, 230-232, 436 
transistor, 129-186 

use in decimal counters, 400-407 
vacuum tube, 64-128 

Lumped-constant delay lines, 295-296 

Mack Trucks, Inc. (Mack Electronics 
Division), 229 
Magnetic amplifiers, 245 
Magnetic cores, 17-18 
ferrite, 188, 358 
logical circuits, 10, 187-262 
matrix switches, 381-390 
multistable circuits, 442-443 
storage, 7, 23, 354-396 
tape type, 187-188, 358 

Magnetic logical circuits, 187-262 
cores for, 187-190 

core-transistor circuits, 232-239 
Cypak, 252 

Decision Elements, 245 
Ferractor, 249 


Magnetic logical circuits (cont.) 
Ferristor, 259 

ferroresonant circuits, 254-259 
flux logic, 252-254 
four-phase circuits, 240-244 

interstage impedance circuits, 250- 
252 

one-core-per-bit circuits, 221-232 
push-pull circuits, 216-221, 230-232 
split-winding circuits, 204-216 

three-phase circuits, 211-213, 240- 
243 

Transfluxor, 254 
two-core-per-bit circuits, 192-211 
two-phase circuits with serial con¬ 
nections between cores, 245-249 
Magnetic storage cores, 7, 23, 354-396 
address selection, 381-392 
contacts in the drive lines, 373-374 
coincident current selection, 23, 356 
cores, 358-359 
cycle patterns, 376-380 
“disturbed” states, 374 

doubled ratio of cores to drive lines, 
372-373 

driving systems, 376-378 
four-dimensional storage, 368-370 
“end loop” voltages, 358-368 
external selection, 390-392 
extra sets of drive windings, 371-372 
hysteresis loop, 354-355, 374-376 
infinite selection ratio, 371-372 
matrix switches, 381-392 
nondestructive sensing, 392-395 
parallel operation of arrays, 365-308 
“post-write-disturb” pulses, 367, 379 
radio-frequency sensing, 394-395 
selection ratio, 23, 359-364, 368-372 
sense winding, 355, 357-358, 360-308 
three-dimensional storage, 300-368 
Magnetic surface storage, 314-353 
air-spaced heads, 349 
belts, 350 

correlation recording method, 331 -332 
discs, 348-349 

double-pulse recording method, 332* 
335 

drums, 6, 297, 317, 336-342 

frequency doubling recording method 
335-330 | 

head design, 314-320 J 


Magnetic surface storage (cont.) 
non-return-to-zero recording method, 
328-331 

modified non-return-to-zero record¬ 
ing method, 330-331 
reading and writing in same cell, 341- 
342 

return-to-zero recording method, 
320-328 

static sensing, 336 
surfaces, 339 

tape, 11, 317, 342-348, 452, 455-456 
Magnetostrictive delay lines, 292-294 
Marginal checking, 24-26 
Mark-sensed cards, 453 
Massachusetts Institute of Technology 
(MIT), 7, 110, 278, 370, 392 
Matrices, diode, 56-60 
magnetic core for address selection, 
381-390 

Memory Test Computer, 7 
Mercury delay lines, 286-289 
MIDAC computer, 121 
MIDSAC computer, 301 
“Millisadic” equipment, 488 
Minority carrier storage in transistors, 
133, 151-152 
Mirror notation, 196 
Multiar, 494 

Multiphase circuits, magnetic core, 211- 
213, 239-245 
transistor, 142 
vacuum tube, 113-121 
Multiplexing, 462 
Multistable circuits, 441-445 
Multivibrator, 80 
monostable, 171 
phase-stable, 443-445 

NAREC computer, 99 
National Bureau of Standards (NBS), 
301, 350 

National Union Corp., 425 
Naval Research Laboratory, 99 
Negative resistance in point-contact 
transistor circuits, 137-140 
Nondestructive sensing, magnetic cores, 
392-395 

Non-return-to-zero recording method, 
328-331 

NORC computer, 100 


Norden-Ketay Corporation, 476 
Nuclear phenomena, 306 

Operational amplifier, 483-493 
One-core-per-bit shifting circuits, 221- 
224, 229-235 
or function, 13, 37, 64 
ORDYAC computer, 96 

Page, C. H., 9 

Parallel operation of core storage ar¬ 
rays, 365-368 

Parasitic oscillations, 69-70 
Pentagrid inverter switch, 84 
Pentode gate circuit, 106-111 
Phase-stable circuits, 443-445 
Philco Corp., 172 

Philips Research Laboratories, 425 
“Post-write-disturb” pulses, 376, 379 
Princeton Institute for Advanced 
Study, 96 
Printers, 454-455 
Program, 26 
“Pull-over” circuit, 85 
Pulse regenerating circuits, 106-108, 
111-114, 121-125, 137-140, 144-149, 
172-177 

for delay line storage, 282-286 
Punched cards and tape, 452-455 
Push-pull, cryotron circuits, 436 
magnetic core circuits, 216-221, 230- 
232 

transistor emitter followers, 159 
transistor inverters, 155 
Pyramid matrix, 58-59 

Quartz delay lines, 289-292 

Radio Corporation of America (RCA), 
172, 254, 271, 279 

Radio frequency, carrier for mercury 
delay line signals, 288 
gas-tube switches, 448-449 
sensing of magnetic cores, 394-395 
use with barrier-grid tubes, 278 
RAM (random access memory), 347 
Ramp-type analog-to-digital convert¬ 
ers, 403, 487-488, 493 

Random access storage, 33, 347-349, 

454-455 
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Raytheon Manufacturing Company, 
125, 229, 239 
Rea, J. B., Company, 491 
“Read-around” ratio, 269 
“Real time” applications, 33, 460 
Reflected codes, binary, 469 
decimal, 478-480 
Reliability, 16-26 
Remnant flux, 189 
Residual flux, 189 

Return-to-zero recording method, 320- 
328 

Revolver, 297 

Sampling of pulses, 285-286, 379 
Saturation in transistors, 133, 151-152, 
179-181 

SEAC computer, 121, 301 
Secondary emission, 266-282, 425, 439- 
440 

Selection ratio, magnetic storage cores, 
23, 359-364, 368-372 
Selectron, 6-7, 265, 279-282 
Sense winding, 355, 357-358, 366-368 
Shifting circuits, 103-105, 109, 113, 136, 
142 

counters, 405-407 
ferroelectric, 438 

magnetic core, 191-196, 201-204, 213- 
215, 221-224, 230-232, 235-236, 
239-242, 245-250, 257-258 
Sperry Rand Corp., 6, 10, 249, 289 
Spin-echo storage, 306-310 
Split-winding shifting circuit, 204-205, 
213-215 

Squareness ratio, 189 

Standard Telephone and Cables, Ltd., 
419 

Static sensing of magnetic surface, 336 
Storage, 5-8, 13, 263-396 
capacitor, 297-301 
cold-cathode gas diodes, 445-447 
delay line, 282-297 
electrostatic, 264-282 
ferroelectric, 301-305 
flip-flop, 263 

magnetic core, 7, 23, 354-396, 442-443 
magnetic drum, 6, 297, 317, 336-342 
magnetic surface, 314-353 
magnetic tape, 11, 317, 342-348, 452, 
455-466 


Storage (cont.) 
multistable circuits, 441-445 
phase-stable circuits, 443-445 
random access, 33, 347-349, 454-455 
spin-echo, 306-310 

Superconductive components, 429-437 
Switching circuits, 36, 65 
diode, 36-62 

Sylvania Electric Products, Inc., 172, 
417 

Tape, magnetic, 11, 317, 342-348, 452, 
455-456 

Telecomputing Corp., 466 
Thevenin’s theorem, 45-46 
Thomson-Varley potentiometer, 497 
Three-dimensional core storage, 360- 
368 

Three-phase magnetic core logical cir¬ 
cuits, 211-213, 240-241 
Thyratron circuits, 3-4, 449-451 
Tracks, magnetic, 314, 337-338, 345 
TRADIC computer, 144 
Transac computer, 172 
Transfer instruction, 30 
Transfluxor, 254 
Transistors, 9-10, 129-130 

core-transistor circuits, 232-239, 407- 
409 

“drift,” 184 
junction, 149-153 
junction circuits, 153-184 
logical circuits, 129-186 
point-contact, 130-133 
point-contact circuits, 133-149 
surface-barrier, 168, 172 
Trigger, 3 

Two-core-per-bit shifting circuit, 102- 
196 

Typotron, 455 

Underwood Corp., 121 
Univac computer, 289 
University of Illinois, 10, 96 
University of Manchester, 265 
University of Michigan, 121, 301 
University of Pennsylvania (Moore 

School of Engineering), 4, 121, 263 
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Vacuum tubes, 8-9 
beam deflection logical component*, 
438-440 
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Vacuum tubes (cont.) 
cathode ray printers, 455 
decimal counters, 419-425 
electrostatic storage, 264-282 
secondary emission tubes, 440 
systems of circuit logic, 64-128 
V-scan analog-to-digital converter, 473- 
477 
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Westinghouse Corp., 252 
Whirlwind computer, 110, 278 
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Williams, F. C., 7, 265 
Williams tube, 6-7, 265-271 
Wire, magnetic, 350 
Word, 27 
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